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Abstract 
Autism spectrum disorder (ASD) and psychopathy are developmental 
neuropsychiatric disorders with deficits in social cognition, but markedly different 
clinical phenotypes. ASD is characterized by persistent difficulties in social 
communication and interaction, alongside restricted and repetitive patterns of 
behavior. Psychopathy, in contrast, is characterized by antisocial behavior and 
callous-unemotional traits with diminished affective responsiveness to others. 
Despite their distinct phenotypes, ASD and psychopathy share some of their clinical 
features such as lack of empathy and tendency to aggressive behavior, and there is 
also evidence on their common genetic basis.  

This thesis addresses the question of similarities and differences in ASD and 
psychopathy from a neuroimaging perspective. We recruited violent offenders with 
high psychopathic traits, individuals with ASD and neurotypical controls for 
structural magnetic resonance imaging (MRI, Study I) and functional magnetic 
resonance imaging (fMRI, Study II). Recordings depicting facial and vocal 
expressions were used as a task-based fMRI paradigm.  Additionally, we performed 
positron emission tomography (PET) imaging with dopamine D2 receptor (D2R) and 
mu-opioid receptor (MOR) tracers to study the neurotransmitter mechanism 
alterations in ASD compared to controls (Study III).   

Our main findings were similar structural and functional alterations in the motor 
cortex in participants with psychopathy and ASD as compared with neurotypical 
controls. These findings could potentially link to impaired empathy-related processes 
such as emotional contagion and embodied simulation. Compared to ASD, 
psychopathy was associated with more pronounced and widespread structural and 
functional deficits in brain areas related to empathy. Additionally, ASD was 
associated with lower striatal D2R availability uncoupled with the opioidergic system 
compared to neurotypical controls. This finding may indicate impaired social reward, 
motivation and pain mechanisms potentially linked to atypical development of 
empathy and social interaction in ASD.  

In the light of our results, promoting emotional contagion may be an important 
therapeutic target in enhancing the development of empathy in both psychopathy and 
ASD, but further research is needed. More research on the positive effects of 
dopaminergic pathway medication to social cognition is also recommended. 

Keywords: Autism Spectrum disorder (ASD), Psychopathy, Magnetic resonance 
imaging (MRI), Functional magnetic resonance imaging (fMRI), Positron emission 
tomography (PET), Empathy, Dopamine, Opioids, Social Reward. 
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Tiivistelmä 
Autismin kirjon häiriö (ASD) ja psykopatia ovat kliinisesti toisistaan selkeästi erottuvia 
kehityksellisiä neuropsykiatrisia häiriöitä, joissa sosiaalisen kognition poikkeavuudet 
ovat keskeisessä roolissa. ASD:ssä keskeisiä haasteita ovat kommunikoinnin ja 
sosiaalisen vuorovaikutuksen ongelmat sekä rajoittunut toistava käyttäytyminen. 
Psykopatialle puolestaan ominaista on antisosiaalinen käyttäytyminen ja tunnekylmät 
piirteet, sekä vähäinen sosioemotionaalinen reagointi. Vaikka ASD:n ja psykopatian 
pääasialliset ilmiasut eroavatkin selkeästi toisistaan, niissä on yhdistäviä kliinisiä 
piirteitä, kuten empatian puute ja taipumus aggressiiviseen käyttäytymiseen. Lisäksi 
tutkimukset ovat osoittaneet myös yhtymäkohtia näiden häiriöiden geneettisessä 
taustassa.  

Tämä väitöskirja tarkastelee ASD:n ja psykopatian välisiä eroja ja yhtäläisyyksiä 
aivokuvantamisen näkökulmasta, sillä aikaisempaa vertailevaa tutkimusta on tehty 
kovin vähän. Tutkimukseen rekrytoitiin psykopaattisia väkivaltarikollisia, ASD 
yksilöitä sekä neurotyypillisiä verrokkeja aivojen rakenteellista (MRI, Tutkimus I) ja 
toiminnallista (fMRI, Tutkimus II) magneetti resonanssi kuvantamista varten.  FMRI 
kuvauksen aikana tutkittavat havainnoivat nauhotteita erilaisista kasvojen ja 
ihmisäänen tunneilmaisuista. Lisäksi tutkimme hermostovälittäjänaineiden toimintaa 
autismin kirjon häiriössä positroniemissiotomografia kuvauksen avulla käyttäen 
dopamiini-D2-reseptoriin (D2R) ja mu-opioidireseptoriin (MOR) sitoutuvia 
merkkiaineita (Tutkimus III).  

Pääasiallisina löydöksinämme olivat rakenteelliset ja toiminnalliset poikkeavuudet 
motorisella aivokuorella, viitaten mahdollisesti heikentyneisiin empatian 
mekanismeihin; tunteiden tarttumiseen ja keholliseen simulaatioon molemmissa 
häiriöissä. ASD:hen verrattuna psykopatiassa havaittiin laaja-alaisempia ja 
korostuneempia rakenteellisia ja toiminnallisia poikkeavuuksia empatiaan liittyvillä 
aivoalueilla. Lisäksi ASD:ssä D2R sitoutuminen oli vähäisempää ja irti kytkeytynyttä 
opioidijärjestelmästä verrattuna verrokeihin. Tämä löydös voi viitata heikentyneisiin 
sosiaalisen palkitsemisen, motivaation ja kivun säätelyn mekanismeihin ja 
mahdollisesti liittyä epätyypilliseen empatian ja sosiaalisen vuorovaikutuksen 
kehittymiseen ASD:ssä. 

Tulostemme valossa tunteiden tarttuminen saattaa olla tärkeä terapeuttinen kohde 
empatian kehittymisen vahvistamisessa, sekä psykopatiassa että ASD:ssa, mutta asia 
kaipaa lisätutkimusta. Suosittelemme myös lisätutkimuksia dopaminergisten 
lääkitysten positiivisista vaikutuksista sosiaaliseen kognitioon. 

Avainsanat: Autismin kirjon häiriö, Psykopatia, Magneetti resonanssikuvaus (MRI), 
Toiminnallinen magneetti resonanssikuvaus (fMRI), Positroniemissiotomografia 
(PET), Empatia, Dopamiini, Opioidit, Sosiaalinen palkitseminen. 
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A. Introduction  
Humans are inherently social beings, and the ability to engage in social interaction 
is fundamental to functioning in contemporary society. Social cognition 
encompasses the cognitive and affective processes that enable individuals to 
perceive, interpret, and respond to the social world (Henry et al., 2016). These 
processes are supported by a distributed set of brain regions forming a large-scale 
social brain network (Fernández et al., 2018). Neurotransmitter systems, including 
dopamine and endogenous opioids, play a modulatory role in social cognition and 
social motivation (Kyte et al., 2020; Padilla-Coreano and Martínez-Rivera, 2025). 

ASD and psychopathy are neurodevelopmental conditions characterized by 
atypical social cognition, but with markedly different clinical phenotypes (Murphy 
et al., 2024). ASD is characterized by persistent difficulties in social communication 
and interaction, alongside restricted and repetitive patterns of behavior (Hirota and 
King, 2023). Psychopathy, in contrast, is characterized by antisocial behavior and 
callous-unemotional traits with diminished affective responsiveness to others (De 
Brito et al., 2021a). Despite their distinct phenotypes, ASD and psychopathy share 
certain overlapping features, including impairments in social functioning, partially 
shared comorbidities, and evidence of common genetic influences (De Brito et al., 
2021a; Hirota and King, 2023; Murphy et al., 2024; Tiihonen et al., 2020).  

Neuroanatomical studies have identified prominent alterations in fronto-
temporal regions in both ASD and psychopathy (Boedhoe et al., 2020; Johanson et 
al., 2020; Van Rooij et al., 2018), and functional neuroimaging studies have 
demonstrated atypical activation patterns within social brain networks during 
social cognitive tasks (Berluti et al., 2023; Di Martino et al., 2009; Dickstein et al., 
2013; Dugré et al., 2020; Goodwill et al., 2023; Lenzen et al., 2021; Patriquin et al., 
2016; Penagos-Corzo et al., 2022). However, the neurochemical underpinnings of 
these conditions remain poorly understood (Kolla and Houle, 2019; Lam et al., 
2006; Marotta et al., 2020). Evidence from both animal and human studies 
suggests that dopaminergic and endogenous opioid systems may play a role in the 
etiology of ASD (Dichter et al., 2012; Fuccillo, 2016; Oddi et al., 2013; Pellissier et 
al., 2018) and psychopathy (Bandelow and Wedekind, 2015; Glenn and Yang, 2012; 
Tiihonen et al., 2020; Wu and Barnes, 2013; Yildirim and Derksen, 2015a), but also 
in aggressive behaviors that may occur in individual with either condition (Feltes 
and De Boer, 2021; Umukoro et al., 2013).  

To date, only a limited number of neuroimaging studies have directly compared 
ASD and psychopathy. Comparative research is therefore needed to clarify both 
shared and disorder-specific neurobiological mechanisms underlying aberrant 
social cognition. By examining ASD and psychopathy as two contrasting views on 
social cognition, the present work aims to elucidate their disorder-specific and 
shared neurobiological foundations using multimodal neuroimaging approach, 
including structural MRI, fMRI, and PET. 
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B. Review of the literature 

1. Social Cognition  
Social cognition is one of the six core components of neurocognitive functioning 
(American Psychiatric Association, 2013). It is an umbrella term referring to our 
ability to understand other´s emotions, thoughts and intentions and to empathize 
with them and to behave accordingly (Magno et al., 2022). The definitions, 
terminology and measurement for social cognition have been inconsistent in the 
scientific literature (Wallis et al., 2022), but it can be categorized into four different 
clinical domains; social perception, empathy, theory of mind (ToM), and social 
behavior (Henry et al., 2016).  

Social perception includes recognizing and interpreting emotional and social 
cues such as facial expressions, body language, voice and eye gaze (Henry et al., 
2016).  

Empathy refers to the capacity to reflect mental states of others and it can be 
divided into three different components: motor, emotional (affective) and cognitive 
empathy (Blair, 2005a; Cuff et al., 2016; Gallese, 2003). Motor empathy refers to 
unconscious and automatic mimicry and synchronization of facial expressions, 
vocalizations, postures, and movements of another person (Blair, 2005a; Hatfield 
et al., 1993). Emotional empathy in turn refers to sharing of feelings, emotional 
resonance and experience of emotions consistent with and in response to those of 
others (Bons et al., 2013; Cuff et al., 2016; Henry et al., 2016). Emotional contagion 
is a precursory process for empathy and in close relation to the emotional and motor 
components (Bulgarelli and Jones, 2023; Hatfield et al., 1993; Niedenthal, 2007). 
Finally, cognitive empathy refers to the ability to rationally understand and 
recognize the emotional state and take the perspective of other persons (Blair, 2013; 
Bons et al., 2013; Cuff et al., 2016; Henry et al., 2016).  

ToM implies to the ability to mentalize or to understand mental states, 
intentions, goals and beliefs of others, irrespective of their emotional states (Henry 
et al., 2016; Korkmaz, 2011). ToM relates, for instance to joint attention and 
understanding deception, metaphor and sarcasm (Korkmaz, 2011). ToM can be 
further divided in emotional (affective) and cognitive parts (Henry et al., 2016). The 
emotional part requires understanding of emotional states and feelings of others 
partly overlapping with cognitive empathy, whereas the cognitive part requires 
understanding of others cognitive states, beliefs, thoughts and intentions (Henry et 
al., 2016).  

Social behavior emerges as a response to perceived social cues and result of 
empathic and ToM processes, which is further modulated by reward processing, 
emotion regulation, and executive functions. The definition and structure of 
executive functions is largely debated, but its core can be summarized into 
inhibition (impulse control), interference control (selective attention), working 
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memory and cognitive flexibility (Diamond, 2013; Nigg, 2017). Cognitive flexibility 
refers to our ability to switch between different tasks, change our perspective and 
adjust our behavior to the current environment (Diamond, 2013). 

Aggression is a practical example of maladaptive impulse control and lack of 
cognitive flexibility that is relevant in the context of this thesis. Aggressive behavior 
has promoted evolutionary survival of the human race, but in our contemporary 
society it is legally controlled and regarded as inappropriate (Meloy, 2025). It can 
be divided to two different modes, reactive (impulsive, affective) and proactive 
(predatory, instrumental), where proactive aggression has a stronger genetic origin 
(Meyer-Lindenberg et al., 2006). Reactive aggression is a behavioral response to a 
provocative social cues and negatively associated with empathy and ToM 
processing in children (Pouw et al., 2013; Romero-Martínez et al., 2022; Wang et 
al., 2023). It is characterized by negative affect and is a result of dysfunctional 
emotion and poor impulse control (Bertsch et al., 2020; Hecht and Latzman, 2018; 
Romero-Martínez et al., 2022). In turn proactive aggression is callous (low arousal) 
and instrumental goal-directed behavior used to gain benefit and reward (Hecht 
and Latzman, 2018; Romero-Martínez et al., 2022). It is negatively associated with 
ToM and affective empathy, but the associations with cognitive empathy are 
unclear in children (Pouw et al., 2013; Wang et al., 2023). Dysfunctional self-
regulation and executive functions are not characteristic for proactive aggression 
and moreover it has been associated with higher levels of working memory (Hecht 
and Latzman, 2018).  

2. Imaging of social cognition  

2.1. Human brain imaging  

Magnetic resonance imaging (MRI) can be used to create tomographic images of 
the brain structure. Charged nuclear particles, such as protons have a fundamental 
property of spinning about itself and forming an electric current with magnetic 
momentum. The net magnetization of a volume can be changed by organizing spins 
of proton in parallel high energy or antiparallel low-energy states with a strong 
magnetic field and radiofrequency wave pulses. These changes in the 
electromagnetic energy produce the detected MRI signal (Figure 1). Different 
tissues, such as grey and white matter, have different kind of electromagnetic 
properties that can be separated from each other by using radiofrequency pulses 
and gradient magnetic fields providing tissue-specific contrasts. The most 
commonly used structural contrast is T-weighting (T1, T2), which is based on the 
different relaxation time of the spin in certain tissues (Huettel et al., 2004). Voxel-
based morphometry (VBM) is an automated technique for identifying regional 
alterations in whole brain T1-weighted images, allowing volumetric regional 
comparison between groups (Whitwell, 2009). Since there is a great variance in the 
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human brain anatomy, the T1-weighted images need to be normalized to the same 
stereotactic space for comparison between subjects. Images are also smoothed to 
improve signal-to-noise ratio and the grey and white matter are analyzed separately 
in VBM (Ashburner and Friston, 2000).  

 

Figure 1. A. Protons randomly oriented in the tissue in the absence of magnetic field. B. Protons 
aligned to the magnetic field (black arrow) in high- (red) and low-energy (blue) states in magnetic 
field. C. Radiofrequency wave pulses (green arrow) transfer protons to high-energy states. D. 
Protons returning to low-energy states emit energy (yellow arrow) to be detected with MRI. Adapted 
from Shaffer et al 2020, Fordham et al 2021 (Fordham et al., 2021; Shaffer et al., 2020) and Labster 
theory pages (https://theory.labster.com/nmrspectroscopy/).  

Functional magnetic resonance imaging (fMRI) can be used to indirectly 
measure the net neuronal activity of brain regions trough blood oxygen level 
dependent (BOLD) contrast imaging. BOLD signal is based on the different 
magnetic properties of oxyhemoglobin and deoxyhemoglobin which can be 
detected with fMRI. Neuronal activity increases the regional blood supply and level 
of oxygenated versus deoxygenated hemoglobin and can hence be indirectly 
measured with fMRI (Ogawa et al., 1990). 

Positron emission tomography (PET) measures ionizing radiation of beta-
decaying radioligands injected to the circulation and transported to the target 
tissues, including the brain. Unstable isotopes, such as carbon-11, emit positrons 
that collide with surrounding electrons and cause annihilation of the particles. The 
annihilation releases electromagnetic energy in a form of gamma rays that can be 
detected with PET scanners as two equivalent 511 keV photons traveling in opposite 
directions. The selected molecules of interest are labeled with these isotopes to form 
a radioligand. PET images reflect spatial distribution of radioligand accumulation 
or presence and allow assessment of the molecule binding to the target tissue 
(Figure 2). Radioligands can be used to measure for instance neurotransmitter 
synthesis and transmission or the availability of the neurotransmitter receptors 
(Basu et al., 2011; Kanthan et al., 2017; Kaur et al., 2020).  
 
 

A B C D
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Figure 2. Annihilation of electron and positron into two equivalent 511 keV photons to be detected 
in PET scanning. Adapted from Verel et al., 2005 (Verel et al., 2005). 

To yield biologically meaningful and quantified PET-imaging data, kinetic 
modelling is needed to take account of the variation in the uptake, washout and 
retention of radioligand in different tissues and subjects (Lammertsma and Hume, 
1996). There exist multiple kinetic models that are appropriate depending on the 
used radioligand. For example, kinetics of [11C]raclopride and [11C]carfentanil 
ligands used in the present study can be quantified using the simplified reference 
tissue model (SRTM). It expresses the radioligand uptake in the tissue of interest 
relative to the non-displaceable uptake in the reference tissue as binding potential 
(BPND) (Innis et al., 2007; Lammertsma and Hume, 1996). Binding potential (BP) 
refers to the ratio of specifically bound tracer concentration to some reference 
concentration in equilibrium (Innis et al., 2007). The reference concentration can 
be defined from blood samples or as non-displaceable uptake from regions not 
expressing the receptor of interest. Non-displaceable uptake is the sum of the non-
specific binding to other than the target molecule and free ligand in the reference 
tissue (Innis et al., 2007). BPND in turn, is a ratio of specific and non-displaceable 
binding in the tissue (1) (Innis et al., 2007). It is in direct relation to the affinity and 
density of the available of receptors, aka receptor availability (Bavail) (2) (Heiss and 
Herholz, 2006; Innis et al., 2007; Mintun et al., 1984). Only a subset of receptors is 
available in vivo to bind to radioligand, since some may be compartmentalized in a 
low affinity state, or occupied by endogenous transmitter (Ariens, 1954; Innis et al., 
2007). 
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VT = total distribution volume of ligand in tissue, VND = distribution volume of non-displaceable ligand 
in tissue. 

 

(2)																				𝐵𝑃'( =
1-.234356

7.
  

 
fND = free fraction of the radioligand in the non-displaceable compartment, Bavail = density of 
receptors available to bind radioligand in vivo (receptor availability), KD = dissociation constant, 1/KD 
= affinity of the radioligand.  

2.2. Structural imaging of social cognition 

Brain regions related to social cognition encompass large-scale cortical and 
subcortical networks. Traditionally in historical lesion studies the social brain has 
comprised of areas involved in perception and processing of faces (somatosensory 
and temporal cortices), attribution of emotion (amygdala) and executive functions 
(prefrontal cortex) (Fernández et al., 2018).   

Studies on stroke and other brain damage studies have shown that ToM deficits 
are associated with lesions in the prefrontal cortex (PFC) and more precisely to 
ventromedial prefrontal cortex (vmPFC), orbitofrontal (OFC) and frontal pole 
(Hogeveen et al., 2016; Martín-Rodríguez and León-Carrión, 2010; Szczepanski 
and Knight, 2014). These social cognition impairing lesions are lateralized mainly 
to the non-dominant side of the brain (Adams et al., 2019). White matter tracks and 
the structural connectivity of the brain can be measured by diffusion tensor imaging 
technique (DTI) exploiting the variable diffusion of water molecules in different 
tissues (grey and white matter, cerebrospinal fluid) (Soares et al., 2013). Cingulum 
and arcuate fasciculus have been established as the main white matter tracts 
associated with to ToM in structural white matter studies (Y. Wang et al., 2018). 

Impaired empathy is associated with lesions in OFC, frontal pole, inferior frontal 
gyrus, ventrolateral prefrontal cortex (vlPFC), insula (INS), temporal pole and also 
temporo-parietal junction (TPJ) (Hogeveen et al., 2016; Leigh et al., 2013; Shamay-
Tsoory et al., 2009; Szczepanski and Knight, 2014). Affective empathy is linked to 
lesion in IFG, INS, vlPFC and TPJ, whereas cognitive empathy relates more to OFC 
and frontal pole (Hogeveen et al., 2016; Shamay-Tsoory et al., 2009). In structural 
white matter studies, empathy has been associated with inferior longitudinal 
fasciculus, inferior fronto-occipital fasciculus, superior longitudinal fasciculus and 
three limbic tracts; uncinated fasciculus, anterior thalamic radiations and fornix (Y. 
Wang et al., 2018).  

Impaired recognition of emotional expressions has been associated with lesions 
in the OFC, amygdala, anterior cingulate cortex (ACC), vmPFC, anterior INS (aINS) 
and somatosensory cortex (Hogeveen et al., 2016; Szczepanski and Knight, 2014). 
Recognition of fear from faces is impaired following bilateral lesions of amygdala 
(Kirsch et al 2005), while impaired learning of faces has been associated with 
lesions to hippocampus and amygdala (Kirsch, 2006). Self-perception and 
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emotional awareness have been associated with lesions to the frontotemporal 
cortex, ACC and vmPFC, whereas challenges in recognizing one´s emotions called 
alexithymia, has been associated to lesions in aINS. These social perception related 
lesions also seem to be lateralized to the non-dominant side of the brain (Adams et 
al., 2019). Inferior longitudinal fasciculus, inferior fronto-occipital fasciculus and 
superior longitudinal fasciculus have been presented as the white matter tracts 
associated also with face processing in structural white matter studies (Y. Wang et 
al., 2018). 

Regulation of social behavioral has been associated mainly to the PFC in studies 
with patients with stroke and other types of brain damage (Hogeveen et al., 2016; 
Szczepanski and Knight, 2014), while studies with healthy subjects have found that 
PFC volume is positively correlated with executive functions (Yuan and Raz, 2014). 
Dorsolateral prefrontal cortex (dlPFC) is associated with planning, problem 
solving, rule learning and task-switching behavior (Szczepanski and Knight, 2014). 
Along with ACC, dlPFC is also related to motivation and attention aspects of 
behavior regulation (Szczepanski and Knight, 2014). Impaired behavioral 
inhibition is related to lesions in OFC and vlPFC (Beer et al., 2006; Szczepanski and 
Knight, 2014), whereas OFC and ACC lesions are associated with poor emotion 
regulation and decision making (Szczepanski and Knight, 2014; Viskontas et al., 
2007). Finally, reactive aggression has been associated to the brain threat circuitry 
formed by amygdala, hypothalamus and periaqueductal grey in animal and human 
studies (Bertsch et al., 2020; Feltes and De Boer, 2021) while proactive aggression 
on its behalf is associated with lower volume of amygdala and aberrancies in the 
structure of AAC (Belfry and Kolla, 2021). 

Taken together, lesion studies have shown that PFC and temporal areas are 
structurally involved in all four domains of social cognition largely with a 
lateralization to the non-dominant side of the brain. Empathy and social perception 
are also linked to limbic and para-limbic structures that are further connected with 
parietal and somatosensory areas (Figure 3).   

2.3. Functional imaging of social cognition 

Meta-analyses on fMRI studies during social cognition tasks suggest that ToM and 
mentalizing abilities are associated with TPJ and medial prefrontal cortex (mPFC 
and especially dorsomedial prefrontal cortex (dmPFC) (Arioli et al., 2021b; 
Molenberghs et al., 2016; Schurz et al., 2014; Van Overwalle, 2009; van Veluw and 
Chance, 2014, 2014; Xiao et al., 2017). Meta-analyses have also indicated 
precuneus, PCC and temporal lobe as areas with significant role in social processing 
and ToM (Arioli et al., 2021b; Arioli and Canessa, 2019; van Veluw and Chance, 
2014). Resting-state fMRI (rs-fMRI) studies measuring spontaneously fluctuating 
low-frequency BOLD-signals in task-free situation have reported strong functional 
connectivity (i.e. correlation of activation time series) within these brain networks 
(Smitha et al., 2017; van den Heuvel and Hulshoff Pol, 2010). The respective 
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network is called a default mode network (DMN) or mentalizing network that 
contributes to social cognitive functions such as autobiographical processing, 
introspection, mentalizing, ToM and emotional processing (Mars et al., 2012; 
Padmanabhan et al., 2017; Schilbach et al., 2008; Smitha et al., 2017). TPJ 
encompasses areas of the posterior superior temporal sulcus (pSTS) and inferior 
parietal lobule (IPL) which are involved in identification and representation of 
agency and goals of the perceived action (Amodio and Frith, 2006; Blakemore, 
2012; Henry et al., 2016). A recent meta-analysis presented overlapping 
associations of both affective and cognitive ToM to TPJ and precuneus, whereas 
affective ToM alone was associated with middle temporal gyrus and cognitive ToM 
to temporal pole and inferior temporal gyrus.  

FMRI meta-analyses have shown that the brain basis of empathy relates most 
clearly to the dorsal ACC, aINS, anterior mid-cingulate cortex (MCC), TPJ and 
supplementary motor area (SMA) (Arioli et al., 2021a, 2021b; Chen et al., 2022; 
Fallon et al., 2020; Fan et al., 2011). In a meta-analysis by Fan et al., emotional 
empathy was associated with aINS and anterior MCC was associated with the 
cognitive empathy (Fan et al., 2011).  

A meta-analysis of fMRI studies published in 2019 presented IFG, ventral 
premotor cortex, precentral gyrus, inferior and superior parietal lobule and 
intraparietal sulcus as the most prominent social perception related areas (Arioli 
and Canessa, 2019). An earlier meta-analysis on observation and imitation tasks 
had reported activation of the dorsal premotor cortex, SMA, IPL, primary 
somatosensory cortex, superior parietal and intraparietal cortex, posterior middle 
temporal gyrus, fusiform in relation to observation (Caspers et al., 2010). In fMRI 
meta-analyses, face processing has been most constantly associated with fusiform 
gyrus, occipital gyrus, inferior frontal gyrus and amygdala (Fusar-Poli et al., 2009; 
X. Liu et al., 2021; Mende-Siedlecki et al., 2013), while processing of the body in 
social context has been more related to lateral occipito-temporal cortex areas that 
are functionally connected with the cerebellum (Downing et al., 2001; Grosbras et 
al., 2012; Van Overwalle et al., 2015). In turn the processing of emotional vocal 
expressions has been associated to superior temporal sulcus (STS) and primary 
auditory cortex in fMRI meta-analyses (Frühholz and Grandjean, 2013; Mauchand 
and Zhang, 2023; Schirmer, 2018).  

Whereas lesion studies have demonstrated the fundamental role of PFC in social 
behavior, fMRI meta-analyses have presented much wider range of brain areas 
involved in related processes. Executive functions in general have been associated 
with ACC, MCC, frontal gyrus, vlPFC, dlPFC, preSMA, SMA, parietal regions, INS, 
putamen, and angular gyrus (Ardila et al., 2018; Brandl et al., 2019; Hung et al., 
2018; Kohn et al., 2014; Xiao et al., 2017; Zhang et al., 2017). More precisely 
inhibition and impulse control associate broadly to INS, ACC, SMA, preSMA, 
frontal gyrus, dlPFC, vlPFC, parietal regions and basal ganglia (Brandl et al., 2019; 
Hung et al., 2018; Mattavelli et al., 2024; Zhang et al., 2017), whereas cognitive 
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flexibility is associated with fronto-parietal and cingulo-opercular areas (Chuikova 
et al., 2025). Cognitive emotion regulation is related to vlPFC, dlPFC, pre-SMA 
(Brandl et al., 2019; Hung et al., 2018; Kohn et al., 2014), whereas reward control 
is related to the striatum, frontal gyrus, SMA, INS, ACC, PCC, IPL, and PFC (Brandl 
et al., 2019; Bzdok et al., 2013; Jauhar et al., 2021; Liu et al., 2011).  

To give another example of behavioral manifestation of social cognitive 
functioning, reactive aggression is related to hyperactive processing of arousal and 
emotions in the amygdala and deficient prefrontal emotion regulation and fronto-
parietal inhibitory control (dlPFC, dmPFC, medial OFC, vmPCF, and IPL) (Belfry 
and Kolla, 2021; Bertsch et al., 2020; Feltes and De Boer, 2021). Proactive 
aggression in turn is associated with reduced activity in the amygdala and aberrant 
functioning of the DMN (Belfry and Kolla, 2021). 

Altogether, functional imaging studies have shown association between ToM 
and DMN activity. Empathy in turn, is associated with activity in the cingulate and 
INS, as well as SMA. Social perception and behavior on their behalf have more 
widespread connections to large-scale brain networks ranging from fronto-parietal 
and somato-motor areas to striatal and limbic/paralimbic areas (Figure 3).   
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Figure 3. Overview of the brain areas related to the four dimensions of social cognition based on 
repeated findings in MRI studies (Adams et al., 2019; Beer et al., 2006; Hogeveen et al., 2016; 
Kirsch, 2006; Leigh et al., 2013; Martín-Rodríguez and León-Carrión, 2010; Shamay-Tsoory et al., 
2009; Szczepanski and Knight, 2014; Yuan and Raz, 2014) and fMRI meta-analyses (Ardila et al., 
2018; Arioli et al., 2021a, 2021b; Arioli and Canessa, 2019; Brandl et al., 2019; Bzdok et al., 2013; 
Caspers et al., 2010; Chen et al., 2022; Eres et al., 2018; Fallon et al., 2020; Fan et al., 2011; 
Frühholz and Grandjean, 2013; Fusar-Poli et al., 2009; Grosbras et al., 2012; Hung et al., 2018; 
Jauhar et al., 2021; Kohn et al., 2014; M. Liu et al., 2021; Liu et al., 2011; Mattavelli et al., 2024; 
Mauchand and Zhang, 2023; Mende-Siedlecki et al., 2013; Molenberghs et al., 2016; Schirmer, 
2018; Schurz et al., 2014; Van Overwalle, 2009; Van Overwalle et al., 2015; van Veluw and Chance, 
2014; Xiao et al., 2017; Zhang et al., 2017).  
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2.4. Molecular imaging of social cognition 

Dopamine, endogenous opioids, oxytocin and serotonin are four main interrelated 
neurotransmitter systems modulating human social cognition (Barchi-Ferreira and 
Osório, 2021; Duerler et al., 2022; Han et al., 2021; Kyte et al., 2020; Skuse and 
Gallagher, 2009; Walsh et al., 2023). The role of other neurotransmitters such as 
GABA, glutamate and noradrenalin in social cognition is still more unclear (Lam et 
al., 2006; Marotta et al., 2020; Terbeck et al., 2016). 

2.4.1.  Dopamine system 

Dopamine is a catecholamine neurotransmitter released from the ventral tegmental 
area, which projects to the PFC and nucleus accumbens (NAcc) of the ventral 
striatum, forming the mesocorticolimbic circuit that controls reward and motivated 
behavior (Pavăl and Miclutia, 2021; Reynolds and Flores, 2021). Dopamine 
released from substantia nigra pars compacta, in turn, projects to the dorsal 
striatum, forming the nigrostriatal pathway, controlling goal-directed and habitual 
behavior (Pavăl and Miclutia, 2021). Dopamine receptors are divided into two main 
groups D1- (D1R, D3R) and D2-receptors (D2R, D4R, D5R), of which D1R and D2R 
moderate locomotion, reward, reinforcement, learning, and memory. D1R are 
expressed as postsynaptic receptors widely across the brain and especially in the 
striatum (Jones-Tabah et al., 2022; Mandic-Maravic et al., 2022), while D2R is 
additionally expressed also as presynaptic auto-receptors, which modulate 
dopamine release in the synapses (Soares-Cunha et al., 2016).  

According to animal studies, dopamine mediates social reward (Preston, 2017; 
Sato et al., 2023; Zablocki-Thomas et al., 2022) and is associated with co-operative, 
altruistic, pair bonding and maternal behavior (Skuse and Gallagher, 2009). It also 
relates to social dominance, stress, and decision making along with aggressive 
behavior (Padilla-Coreano and Martínez-Rivera, 2025; Seo et al., 2008). Long term 
pain bonding has been associated with increased D1R binding in PET imaging 
studies of monkeys (Hostetler et al., 2017; Zablocki-Thomas et al., 2022). 
Dopaminergic system has also a role in the cognitive flexibility and stability which 
is thought to be mediated by the tonic and phasic modes of dopamine release—tonic 
dopamine is thought to be associated with the stabilization and maintenance of PFC 
representations, and phasic dopamine is associated with the updating of these 
representations (Grace et al., 2007; Zweifel et al., 2009). 

In humans, the use of dopaminergic agents, such as cocaine and 
methamphetamine, is associated with smaller social networks and impaired 
emotion recognition and emotional empathy (Quednow, 2017). These 
dopaminergic agents also increase impulsivity in children without Attention-
Deficit/Hyperactivity Disorder (ADHD) and they are linked with aggressive social 
behavior (Seo et al., 2008). In addition, cocaine users present difficulties in the 
ToM (Hulka et al., 2014; Preller et al., 2014b) and display diminished emotional 
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engagement and reward in social interaction (Preller et al., 2014a; Tobler et al., 
2016). On the other hand, antipsychotic dopamine antagonists reduce aggressive 
behavior and impair the ability to recognize angry faces in humans (Seo et al., 
2008). Human PET-imaging studies have associated impulsive behavior and 
reward processing with striatal dopaminergic functioning in healthy human 
volunteers (Buckholtz et al., 2010b; Dubol et al., 2018; Kim et al., 2014; Weiland et 
al., 2014). A PET-imaging study by Schluter et al. showed that the level of dopamine 
synthesis in the midbrain was negatively correlated with aggressive behavior in 
neurotypical males (Schlüter et al., 2013). In turn, higher dopamine release in 
amygdala has been associated with maternal bonding with the child (Atzil et al., 
2017), whereas higher release in medial OFC and mPFC has been associated to 
human romantic love in human PET-imaging studies (Takahashi et al., 2015). 
Finally, dopamine receptor D2 gene variants have been found to regulate empathy 
responses, agreeable behavior, social adjustment and degree of attachment (Han et 
al 2021).  

2.4.2.  Opioid system 

The endogenous opioid system controls a wide variety of functions, from basic 
homeostasis and anti-nociception to emotions, social attachment, and reward 
(Machin and Dunbar, 2011; Nummenmaa et al., 2015; Nummenmaa and 
Tuominen, 2018; Rocchi et al., 2020; Turtonen et al., 2021). Beta-endorphin is a 
neuropeptide released from hypothalamic nuclei and mesolimbic structures, 
projecting to other hypothalamic and corticolimbic structures, frontal lobes, 
brainstem, and periaqueductal grey (Machin and Dunbar, 2011; Rocchi et al., 
2020). Beta-endorphin binds to three different opioid receptors, mu- (MOR), delta- 
(DOR), and kappa- (KOR), which are differentially distributed across the cortical 
and subcortical areas. Opioid receptors are widely expressed in the brain as 
postsynaptic receptors, but also as modulatory presynaptic auto-receptors (Reeves 
et al., 2022).  

Since the late seventies, opioid system has been proposed to be linked with social 
attachment. In animals, endogenous opioids modulate social bonding, separation 
anxiety and play (Adolphs, 2001) and mu-opioid agonists also influence the social 
approach and withdrawal behavior depending on the dose, duration of dosing, and 
the social context (Pellissier et al., 2018). 

Clinical studies in humans have shown that opiate addicts in maintenance 
treatment display deficits in social inference, emotion recognition and ToM 
(Eidenmueller et al., 2021; Gandolphe et al., 2018; McDonald et al., 2013; Yazgeç 
et al., 2023). Opioid receptor mu 1 gene (OPMR1) variant is also associated with 
ability to blend into social networks in humans (Han et al., 2021). Moreover, human 
PET-studies have associated higher MOR binding to prosocial behavior, such as 
social laughter, social touch, secure attachment style and vicarious pain but also to 
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impulsive behavior (Karjalainen et al., 2017, 2016; Love et al., 2009; Manninen et 
al., 2017; Nummenmaa et al., 2016, 2015; Turtonen et al., 2021).  

2.4.3.  Oxytocin system 

Oxytocin is hormone effecting the female reproductive system, but also a key 
neurotransmitter associated with human social behavior. In animal studies 
oxytocin has been associated with affiliate behavior, social memory and social 
reward (Adolphs, 2001; Barchi-Ferreira and Osório, 2021; Walsh et al., 2023). 
Human studies in turn have presented evidence on its role in affiliate and altruistic 
behavior, ToM, empathy, trust and social fear (Barchi-Ferreira and Osório, 2021; 
Florea et al., 2022; Han et al., 2021; MacDonald and MacDonald, 2010; Stark et al., 
2023). 

2.4.4.  Serotonin system 

Serotonin is a monoamine neurotransmitter regulating body homeostasis system, 
emotion, reward and social behavior (Duerler et al., 2022; Ligneul and Mainen, 
2023). Serotonin functioning is linked to social dominance, integration and reward 
in primate animal studies (Adolphs, 2001; Krakowski, 2003; Sato et al., 2023; 
Walsh et al., 2023). Decreased serotonin activity increases aggressive and impulsive 
behavior, while elevated serotonin levels reduce aggression, improve impulse 
control and increase cooperative behavior in humans and animals (Duerler et al., 
2022; Krakowski, 2003; Seo et al., 2008; Ziomkiewicz-Wichary, 2016). Human 
studies have also associated serotonin with integration of social information, value-
based decision making, sensitivity to social factors, cognitive flexibility, fear 
learning and empathy (Duerler et al., 2022; Olami and Peled-Avron, 2024; Schmid 
and Bershad, 2024; Tortora et al., 2023; Walsh et al., 2023).  

2.4.5.  Interregulatory neurotransmitter connections 

These four core neurotransmitter systems of social cognition described above are 
interconnected and constitute a complex inter-regulatory network. Oxytocin 
regulates dopamine and serotonin release which promotes its prosocial effects, but 
it has also interaction with endogenous opioid system in modulating social behavior 
(MacDonald and MacDonald, 2010; McCall and Singer, 2012; Putnam and Chang, 
2022; Sato et al., 2023; Walsh et al., 2023). Evidence from animal studies and 
human PET studies suggests a complex but positive interrelationship between the 
dopamine and opioid regulation (Colasanti et al., 2012; Escobar et al., 2020; Majuri 
et al., 2018; Margolis et al., 2014; Mick et al., 2014; Rada et al., 2010; Wiskerke et 
al., 2011). Their interaction is critical for social motivation and reward processing 
(Kohls et al., 2012; Vanderschuren et al., 2016). The inhibitory effect of serotonin 
on dopaminergic system is also well established and their interaction has been 
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associated, for instance, to impulsive aggression (Di Giovanni et al., 2010; Seo et 
al., 2008).  

2.4.6.  Neurochemistry of aggression 

The most evident neurotransmitters associated with aggression based on animal 
and human studies have been serotonin, dopamine and gamma-aminobutyric acid 
(GABA) (Feltes and De Boer, 2021; Narvaes and Martins de Almeida, 2014; Padilla-
Coreano and Martínez-Rivera, 2025; Umukoro et al., 2013; Yanowitch and Coccaro, 
2011). Even though animal and human studies have associated especially impulsive 
aggressive behavior with lower serotonergic and higher dopaminergic functioning 
(Seo et al., 2008), human PET-imaging studies have thus far established only 
preliminary or conflicting associations to different serotonin receptor, serotonin 
transporter, dopamine receptor binding and dopamine synthesis (Feltes and De 
Boer, 2021; Kolla and Houle, 2019; Yanowitch and Coccaro, 2011). To the best of 
author´s knowledge there are no PET-imaging studies related to GABA and 
aggression at the moment. 

3. Autism spectrum disorder 
ASD is a heterogenous neurodevelopmental disorder with impairments in social 
communication and restricted repetitive behavior. ASD symptoms emerge in early 
developmental age from approximately 2 years of age with typical age of diagnosis 
being 4-5 years of age (Lord et al., 2020). For instance, the difficulties in social 
communication can appear as limited recognition and use of gestures and facial 
expressions, lack of interest for others, lack of eye contact and inappropriately loud 
speech and control of physical distance to other humans (Hirota and King, 2023). 
Restricted and repetitive behavior can appear as repeated use of words and phrases, 
stereotypic movements, excessive interest in objects or sensory stimuli and 
insistence on sameness (Hirota and King, 2023). Other neuropsychiatric disorders 
such as ADHD and intellectual disability (ID) along with depression, anxiety and 
sleep problems are common psychiatric co-morbidities in ASD (Hirota and King, 
2023; Lord et al., 2020). The clinical manifestation of ASD can range from 
individuals with ID and severe language impairment to individuals with above 
average intellectual and language abilities, but difficulties in social communication 
(Hirota and King, 2023). The prevalence of ASD in Finland and worldwide is 
estimated to be ca. 0.8 % and it is approximately 4 times higher in male than in 
female (Delobel-Ayoub et al., 2020; Hirota and King, 2023; Lord et al., 2020). ASD 
is strongly heritable disorder (64-91%) with a complex genetic background.  
Environmental risk factors, such as prenatal maternal factors, play role in the 
etiology of ASD (Tick et al., 2016; Woodbury-Smith and Scherer, 2018). 

The term autism was first introduced in the early 20th century by Swiss 
psychiatrist Eugen Bleuler but then as a symptom of “definite withdrawal from the 
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external world” in the context of schizophrenia (Verhoeff, 2013). In 1943 child 
psychiatrist Leo Kanner presented a case series of 11 children with disturbances of 
affective contact referring to early infantile autism as a distinct disorder of its own 
(Verhoeff, 2013). Kanner presented the extreme self-isolation and obsessive 
insistence of preservation of sameness as two primary pathognomonic features of 
the autism disorder (Verhoeff, 2013). Only a year after Kanner’s original case series, 
a German psychiatrist Hans Asperger presented a case series of four highly 
recognizable type of children with “disturbance of adaptation in social 
environment” under the term of autistic psychopathy (Verhoeff, 2013). The term 
psychopathy was used by Asperger to refer to the antisocial tendencies and lack of 
empathy in these presented cases, even though there has been no proof of increased 
criminal convictions (Carthy and Murphy, 2021; Hippler et al., 2010). The children 
in Asperger´s series developed highly grammatical speech, while Kanner’s series 
demonstrated children with late or no development of language (Verhoeff, 2013). 
For two decades Kanner’s description of the disorder remained as a basis for 
concepts of autism while Asperger´s publications were not widely recognized for 
the time being (Verhoeff, 2013).   

In the seventies the early psychoanalytic theories of emotionless parenting styles 
evolved into theories of language deficits as the etiology of autism (Rajendran and 
Mitchell, 2007). Later on, since the eighties there have been three dominant 
cognitive theories of autism; 1) defects in the ToM, 2) defects in the executive 
functions and 3) weak central coherence referring to a cognitive style of focusing 
more into details instead of the issue as a whole (Rajendran and Mitchell, 2007). 
However, even integrated together, still these three psychological theories do not 
explain the broad and heterogenous symptom spectrum of ASD. 

The first formal diagnostic criteria for autism, published in 1980 in the 
Diagnostic and Statistical Manual of Mental Disorders, Third Edition (DSM-III) 
(American Psychiatric Association, 1980), included infantile autism as part of a 
broader class of pervasive developmental disorders (PDD). This definition followed 
Kanner’s original description assuming severe deficits in social relationships, 
accompanied by deficits in language or communication, symptom onset before 30 
months, and no hallucinations or delusions (Deisinger, 2011; Volkmar and 
Reichow, 2013). Due to the popularity of Lorna Wing’s review article on Hans 
Asperger´s original case report, the DSM-IV published in 1994 introduced new 
diagnostic criteria for autistic disorder, but also new diagnosis, Asperger syndrome, 
where delay in cognitive and language development is not observed (Deisinger, 
2011; American Psychiatric Association, 1994). For autistic disorder, DSM-IV 
required the presence of at least six criteria: two involving social impairment, one 
pertaining to impaired communication, and one relating to behaviors and interests, 
as well as an onset before age 3 years, and the exclusion of both Rett syndrome and 
PDD as possible causes of symptoms (Deisinger, 2011; American Psychiatric 
Association, 1994). The diagnostic criteria of autistic disorder and the whole 
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domain of PDDs was also unified with World Health Organization´s International 
Statistical Classification of Diseases and related health problems 10th revision 
(ICD-10) classification for worldwide cross-cultural research purposes (Rosen et 
al., 2021; World Health Organization, 2016). In the latest DSM-V the pervasive 
developmental disorders class has been replaced with ASD as broad umbrella 
concept while leaving the previous DSM-IV subgroups Asperger syndrome, Rett 
syndrome and disintegrative syndrome out of the manual. The latest ICD-11 
classification largely follows the DSM-V diagnostic criteria, but with some 
differences in the section concerning repetitive and restricted behavior section 
(Greaves-Lord et al., 2022; World Health Organization, 2019). The current 
diagnostic criteria from DSM-V are presented in Table 1. 

ASD is a clinical diagnosis usually defined as agreement within a 
multidisciplinary professional team based on a detailed developmental history and 
observation of the individual’s behaviors using standardized diagnostic tools 
(Hirota and King, 2023). Diagnostic tools such as Autism Diagnostic Observation 
Schedule (ADOS) and Autism Diagnostic interview -revisited (ADI-R) can be used 
to inform the diagnosis and quantify the autism severity. ADI-R is a standardized, 
semi-structured, investigator-based interview for caregivers of autistic individuals 
based on the DSM-IV and ICD-10 diagnostic criteria of autistic disorder. The 
interview presents separate scores in the areas of communication, social skills, and 
restricted, repetitive and stereotyped behaviors, as well as early developmental 
history. It allows the separate quantification of symptom severity in each of these 
domains, ranging from no definite behavior of the type specified to extreme severity 
(Lord et al., 1994). The ADOS is a standardized, semi-structured observational 
assessment for domains of communication, reciprocal social interaction, 
imagination/creativity and stereotyped behaviors and restricted interests based on 
the DSM-IV criteria for autism disorder. It includes four different modules for the 
evaluation of individuals with different developmental and language levels, where 
module four is used to assess adolescents and adults with fluent language ability 
(Lord et al., 1989).  
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Table 1. DSM-5 diagnostic criteria for ASD (American Psychiatric Association, 2022). 

 

3.1. Structural imaging of ASD 

No clear and consistent neuropathology has been found for autism and the cerebral 
anatomical neuroimaging findings in ASD have been heterogenous (Ecker et al., 
2013; Pagnozzi et al., 2018; Riddle et al., 2017). The most consistent structural 
finding with MRI studies in people with ASD is the enlargement of the total brain 
volume and cerebrospinal fluid within the first six post-natal years (Mosconi et al., 
2006; Pagnozzi et al., 2018; Riddle et al., 2017; Sato and Uono, 2019; Zielinski et 
al., 2014). The brain surface area and gyrification of the brain has also been 
reported to be increased in comparison with typically developing individuals 
(Pagnozzi et al., 2018).  

VBM meta-analyses have shown decreased grey matter volume (GMV) in ACC, 
cerebellum and mPFC but increased GMV in temporal gyri (inferior, middle, 
superior), frontal gyri (middle, superior) and precentral gyrus as the most recurrent 
changes in ASD versus controls across age groups (Carlisi et al., 2017; Guo et al., 
2024; Lukito et al., 2020). In children the most consistent findings have been 
decreased GMV in cerebellum and INS and increased GMV in medial frontal gyrus 
and superior frontal gyrus, angular gyrus and precuneus (Guo et al., 2024; Liu et 
al., 2017; Lukito et al., 2020). With adults in turn, the most recurring findings have 
been decreased GMV in ACC, cerebellum, precuneus and mPFC but also increased 
GMV in medial temporal gyrus and postcentral gyrus (Guo et al., 2024; Yang and 
Hofmann, 2016).  

One of the most prominent neuropathologic theories of ASD suggests that 
anatomic abnormalities are age-specific (Courchesne et al., 2007; E. Courchesne et 
al., 2011; Eric Courchesne et al., 2011; Courchesne and Pierce, 2005; Ecker et al., 

Autism Spectrum disorder 299.00

A. Persistent deficits in social communication and social interaction across multiple contexts, as 
manifested by all of the following, currently or by history:
1. Deficits in social-emotional reciprocity
2. Deficits in nonverbal communicative behaviors 

3. Deficits in developing, maintaining, and understanding relationships
B. Restricted, repetitive patterns of behavior, interests, or activities, as manifested by at least two of the 
following, currently or by history:
1. Stereotyped or repetitive motor movements
2. Insistence on sameness, inflexible adherence to routines
3. Highly restricted, fixated interests 
4. Hyper- or hyporeactivity to sensory input 

C. Symptoms must be present in the early developmental period
D. Symptoms cause clinically significant impairment in social, occupational, or other important areas of 
current functioning
E. These disturbances are not better explained by intellectual developmental disorder

Diagnostic Criteria 
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2013; Zielinski et al., 2014). The brain undergoes a period of precocious growth of 
grey and white matter in the early postnatal life of ASD individuals (Eric 
Courchesne et al., 2011; Rafiee et al., 2022), which is followed by decreased or 
paused age-related brain growth and accelerated synaptic pruning eliminating 
unnecessary neural connections (Amaral et al., 2008; Mosconi et al., 2006; Rafiee 
et al., 2022; Sato and Uono, 2019; Zielinski et al., 2014). The accelerated brain 
growth in the early childhood is found to correlate with the onset of ASD symptoms 
and the later decrease of grey and white matter volume has been suggested to mark 
the severity of ASD symptoms (Rafiee et al., 2022). Moreover, later on in adulthood 
and older age, there seems to be an acceleration in age-related brain degeneration 
(Eric Courchesne et al., 2011) This theory has been supported by findings in 
longitudinal and cross-sectional MRI studies (E. Courchesne et al., 2011; Eric 
Courchesne et al., 2011).  

While the early overgrowth found in volumetric MRI studies of ASD pertains 
mostly to the frontal and temporal lobes (Amaral et al., 2008; Carper and 
Courchesne, 2005; Pagnozzi et al., 2018; Riddle et al., 2017), the abnormal age-
related degeneration is focused more in the temporal and parietal lobes (Braden 
and Riecken, 2019; Wallace et al., 2010). Two latest neuroimaging studies with 
large multinational samples of ASD patients including all age groups from ENIGMA 
(Enhancing Neuroimaging Genetics Trough Meta-analysis) ASD working group 
have found support for theories on aberrant growth trajectory leading into thinner 
temporal cortex and thicker frontal cortex in adulthood (Boedhoe et al., 2020; Van 
Rooij et al., 2018). MRI and post-mortem studies also support a similar abnormal 
growth trajectory in the cerebellum, but with the exception of life-long hypoplasia 
in the vermis areas (Amaral et al., 2008; Pagnozzi et al., 2018). 

The pathologic brain overgrowth of the brain seems to be more salient in the 
white matter than in the grey matter (Amaral et al., 2008; Mosconi et al., 2006; 
Sato and Uono, 2019). This has raised hypothesis of autism being a network 
problem of local over connectivity and long distance under connectivity with 
abnormalities in the connecting fibers (Mosconi et al., 2006; Pagnozzi et al., 2018). 
This theory is supported by DTI studies with recent meta-analyses showing 
decreased fractional anisotropy in the corpus callosum, corona radiata and cerebral 
peduncles (Di et al., 2018; Koshiyama et al., 2020; Rafiee et al., 2022; Zhao et al., 
2022). 

Taken together the neuroimaging studies suggest that structural deviances in 
ASD are age-dependent with enlargement of the total brain volume in early 
childhood being the most consistent finding (Courchesne et al., 2001; Guo et al., 
2024; Lukito et al., 2020; Mosconi et al., 2006; Pagnozzi et al., 2018; Riddle et al., 
2017; Sato and Uono, 2019; Zielinski et al., 2014). The theory of aberrant 
frontotemporal growth trajectory resulting in thicker frontal cortex and thinner 
temporal cortex is supported by longitudinal studies and mega-analyses (Boedhoe 
et al., 2020; Eric Courchesne et al., 2011; Van Rooij et al., 2018), but structural VBM 
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meta-analyses have presented conflicting fronto-temporal results (Guo et al., 2024; 
Lukito et al., 2020). The lower GMV in the cerebellum across all ages is the most 
congruent finding in the structural VBM studies (Carlisi et al., 2017; Guo et al., 
2024; Liu et al., 2017; Lukito et al., 2020; Yang et al., 2016). 

3.2. Functional imaging of ASD 

Meta-analyses of fMRI studies on ASD have shown altered activation of the social 
brain areas, somatosensory cortex, striatum and occipital areas in different social 
and non-social tasks. In task-based and rs-fMRI meta-analyses, there are network 
level findings of hypoactivation in the executive frontoparietal network and 
mentalizing network DMN (Carlisi et al., 2017; Di Martino et al., 2009; May and 
Kana, 2020; W. Wang et al., 2018) Some studies also report altered connectivity 
and hypoconnectivity within the DMN and sensomotor networks in ASD (Ilioska et 
al., 2023; Lau et al., 2020, 2019; Liloia et al., 2024; Wang et al., 2021; W. Wang et 
al., 2018).  

Across different types of tasks, hypoactivation of the left amygdala has been a 
consistent finding in meta-analyses (Goodwill et al., 2023; Tamon et al., 2024). 
Meta-analyses of specific tasks have shown some variance in their results, but 
aberrancies in social cognition areas, ACC and STS have stand out as the most 
coherent findings. Other reported effects in meta-analyses have been more task-
specific as overviewed below (Table 2). 

3.2.1 Social tasks 

In social tasks related to face processing, ToM, and emotion processing, higher 
activation related to ASD has been found in post- and precentral gyrus, STS and 
frontal gyrus whereas the activation has typically been lower in ACC, amygdala and 
frontal gyrus (Di Martino et al., 2009; Dickstein et al., 2013; Goodwill et al., 2023; 
Patriquin et al., 2016). Face processing tasks have induced hyperactivation in the 
STS, whereas fusiform gyrus and ACC have been hypoactivated (Aoki et al., 2015; 
Di Martino et al., 2009; Patriquin et al., 2016; Philip et al., 2012; Sugranyes et al., 
2011). ToM tasks have shown hypoactivation of the STS and IPL (Philip et al., 2012; 
Sugranyes et al., 2011). One meta-analysis found higher activation in the medial 
frontal gyrus and IFG, IPL, precentral gyrus during observation/imitation task 
when activation was lower in medial and inferior temporal gyrus, inferior and 
medial occipital gyrus and postcentral gyrus in ASD (Yang and Hofmann, 2016). 
Two meta-analyses on social reward tasks in ASD have presented lower activation 
of the striatum, but other findings were controversial or have not been replicated 
(Clements et al., 2018; Janouschek et al., 2021).   
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3.2.2. Non-Social tasks 

Meta-analyses suggest that in non-social tasks the individuals with ASD show 
consistent hyper-activation of ACC (Di Martino et al., 2009; Dickstein et al., 2013). 
During executive tasks, individuals with ASD in turn have higher activation of ACC 
and PFC (Di Martino et al., 2009; Philip et al., 2012), while inhibitory control tasks 
have shown lower activation of ACC, dlPFC and IPL but also higher activation in 
inferior occipital cortex (Carlisi et al., 2017; Lukito et al., 2020). Lower activation 
of the striatum but also ACC has been found in non-social reward tasks of ASD 
meta-analyses (Clements et al., 2018; Janouschek et al., 2021).  

Table 2. Overview of the task-based fMRI meta-analyses in ASD. Areas with higher or lower fMRI 
activation in at least two meta-analyses are included in the table, excluding areas with contradictory 
findings (Aoki et al., 2015; Carlisi et al., 2017; Clements et al., 2018; Di Martino et al., 2009; Dickstein 
et al., 2013; Goodwill et al., 2023; Guo et al., 2024; Janouschek et al., 2021; Lukito et al., 2020; May 
and Kana, 2020; Nickl-Jockschat et al., 2011; Patriquin et al., 2016; Philip et al., 2012; Sugranyes 
et al., 2011; Tamon et al., 2024; Yang and Hofmann, 2016).  

 

S

Social tasks Non-social tasks

Social

Face processing

Theory of mind

Social reward

Observation,
imitation

Non-social

Inhibitory control

Executive 
functioning

Non-social
reward

Restricted 
interest 
reward

Post/PreCG
STS

Frontal gyrus

ACC
Amygdala

Frontal Gyrus

STS

ACC
FFA

STS
IPL
PFC

-

Insula
Putamen
STS
FFA

Caudate
ACC
Hipp
LOC
IFG

MFG
IFG
IPL

PreCG

ITG
MTG
MOG
IOG

PostCG

ACC

IOC
ACC

-

IPL
dlPFC

ACC
PFC

-

Nacc
Caudate
ACC

-

Caudate
Nacc
Insula
Putamen

NAcc
ACC



 
 

21 

3.3. Molecular imaging of ASD 

Aberrancies in different neurotransmitter functioning have been proposed to 
underlie ASD, but human studies have yielded only limited evidence for any specific 
systems. Since dopamine, endogenous opioid and serotonin systems are central to 
social cognition they also play an important role in the neurotransmitter imaging 
of ASD (Lam et al., 2006; Marotta et al., 2020; Tan et al., 2022). Currently there 
are no reliable PET-imaging tracers for oxytocin system in human brain imaging 
(Beard et al., 2018; Wenzel et al., 2016). 

3.3.1. Dopamine system 

Animal and human genetic studies have variably supported for both increased and 
decreased dopamine regulation in ASD compared to neurotypical (Blum et al., 
2024; Fuccillo, 2016; Kosillo and Bateup, 2021). Animal studies have presented 
dysfunction of the dopaminergic mesocortocolimbic circuits and suggested a 
decreased social reward and motivation in ASD (Chevallier et al., 2012; Fuccillo, 
2016; Kosillo and Bateup, 2021; Pavăl and Miclutia, 2021). Reduced activation of 
the dopaminergic striatal areas during reward processing has been associated with 
ASD in human fMRI studies and further support these theories (Clements et al., 
2018; Hsu et al., 2018a; Kohls et al., 2012; Neufeld et al., 2019). Human positron 
emission tomography (PET) studies have further found deviant dopamine signaling 
in ASD compared to controls, but the study methods and results have been 
heterogenous (Tan et al., 2022; Zürcher et al., 2015). The striatal dopamine has 
been shown to play a role also in repetitive behavior of animals, but human studies 
have not been conclusive and connections to ASD have remained weak (Fuccillo, 
2016; Langen et al., 2011a, 2011b). Finally, dopamine antagonist medications such 
as risperidone and aripiprazole may alleviate autism symptoms, including 
irritability and stereotypic behavior (Mandic-Maravic et al., 2022; Marotta et al., 
2020; Pavăl, 2017; Pavăl and Miclutia, 2021).  

3.3.2. Opioid system 

Since the late seventies, opioid system dysfunctions have been proposed to be 
linked with autism (Kyte et al., 2020; Machin and Dunbar, 2011; Panksepp, 1979; 
Sahley and Panksepp, 1987), and more recently, MOR knock-out mice were shown 
to manifest autism-related behaviors (Oddi et al., 2013). Whereas opioidergic 
agents influence the social motivation and social cognition in humans, opioid 
antagonists may reduce hyperactivity and restlessness symptoms in ASD 
(Eidenmueller et al., 2021; Gandolphe et al., 2018; Marotta et al., 2020; McDonald 
et al., 2013; Roy et al., 2015).  PET imagin studies have associated endogenous 
opioid system to modulation of social behavior in humans, but there are no previous 



 
 

22 

studies related to ASD (Karjalainen et al., 2016; Manninen et al., 2017; 
Nummenmaa et al., 2016, 2015). 

3.3.3. Serotonin system 

Elevated levels of serotonin have been associated with ASD in animals and humans 
ever since the sixties and it has been the most commonly studied neurotransmitter 
in vivo ASD research (Lam et al., 2006; Marotta et al., 2020; Tan et al., 2022; 
Zürcher et al., 2015). The human PET-imaging studies have presented age 
dependent findings of lower and asymmetric synthesis of serotonin in children with 
ASD, suggesting a deviant developmental trajectory of serotonin system in ASD 
(Ryu and Oh, 2025; Tan et al., 2022; Zürcher et al., 2015). There are also findings 
of lower serotonin transporter level and receptor density in ASD, but studies with 
different tracers have presented conflicting results (Tan et al., 2022; Zürcher et al., 
2015).  

3.3.4. Other transmitter systems 

Only a few studies with small sample size have utilized PET-imaging with GABA 
and glutamate receptor tracers in ASD and the results remain controversial (Tan et 
al., 2022). There is only one PET-imaging study focusing on the noradrenalin 
system in ASD and it presented no differences in ASD group compared to controls 
(Kubota et al., 2020). 

4. Psychopathy 

The term psychopathy has been used in the European psychiatric and 
psychopathologic literature ever since the early 1800s as a broad term referring to 
pathology of the psyche. The term was not specifically used in the context of 
personality disorder characterized by antisocial and criminal behavior, until 
German psychiatrists Koch, Kraepelin and Schneider in the early decades of 20th 
century. It was finally the description of 21 essential characteristics of psychopathic 
personality disorder based on the nine case studies in the book The Mask of Sanity 
by an American psychiatrist Harvey Cleckley in 1941 that set the basis for our 
modern understanding of psychopathy (Horley, 2014). After ten years of the 
Cleckley’s definitions on psychopathy, the American Psychiatric Association (APA) 
introduced the first DSM-I criteria with a diagnosis of sociopathic personality 
disturbance including previous terms of psychopathic personality and 
constitutional psychopathic state (Crego and Widiger, 2015; American Psychiatry 
Association, 1952). Based on studies by L. Robins, this definition was systematized 
and narrowed down to nine criteria with requirement for childhood conductance 
disorder in 1980 DSM-III-R diagnosis for antisocial personality disorder (Crego 
and Widiger, 2015; American Psychiatric Association, 1987).  
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Psychopathy is a serious disorder of social cognition characterized by 
grandiosity, manipulativeness, disinhibited, egoistic and callous unemotional traits 
(Cooke and Michie, 2001; De Brito et al., 2021a). It has not been a formal diagnosis 
in the DSM- or ICD-classifications, but the traits have been part of the antisocial 
and asocial personality disorder diagnostic criteria (Crego and Widiger, 2015; 
Jantzi and Moulin, 2025; World Health Organization, 2016, 2019). Psychopathy is 
regarded as a specifier for antisocial personality disorder, which is also mentioned 
in the emerging alternative diagnostic criteria models -section of DSM-V (Raine, 
2018; American Psychiatric Association, 2022). Callous unemotional traits refer to 
a lack of guilt, empathy, and concern about poor performance in important 
activities.  Together with shallow/deficient affect, they constitute the core affective 
facets of adult psychopathy (De Brito et al., 2021a). Conduct disorder with callous 
unemotional traits (CD/CU) in children has been proposed as a possible precursor 
for psychopathy (De Brito et al., 2021a; Raine, 2018). In the current DSM-V criteria, 
antisocial personality disorder is based on the diagnosis of conduct disorder before 
the age of 15 years and continuous antisocial behavior from the age of 15 until age 
of 18 years and thereafter (Table 3). The antisocial behavior is evaluated based on 
seven maladaptive traits (American Psychiatric Association, 2022). The DSM-V 
specifier for psychopathy includes the lack of anxiousness and fear capturing the 
stress immunity, and low social withdrawal and high attention seeking capturing 
the social potency of psychopathy (Crego and Widiger, 2015; American Psychiatric 
Association, 2022). The DSM-V also includes a specifier of “limited prosocial 
emotion” for conduct disorder referring to callous unemotional traits (Salekin, 
2016; American Psychiatric Association, 2022). 

Table 3. DSM-5 criteria for antisocial personality disorder (American Psychiatric Association, 2022). 

 

Antisocial personality disorder 301.7

A. A pervasive pattern of disregard for and violation of the rights of others, occurring since age 15 years, 
as indicated by three (or more) of the following:
1. Failure to conform to social norms with respect to lawful behaviors, as indicated by repeatedly 

performing acts that are grounds for arrest
2. Deceitfulness, as indicated by repeated lying, use of aliases, or conning others for personal profit or 

pleasure
3. Impulsivity or failure to plan ahead
4. Irritability and aggressiveness, as indicated by repeated physical fights or assaults
5. Reckless disregard for safety of self or others
6. Consistent irresponsibility, as indicated by repeated failure to sustain consistent work behavior or 

honor financial obligations
7. Lack of remorse, as indicated by being indifferent to or rationalizing having hurt, mistreated, or 

stolen from another
B. The individual is at least 18 years old
C. There is evidence of conduct disorder with onset before age 15 years
D. The occurrence of antisocial behavior is not exclusively during the course of schizophrenia or bipolar 
disorder

Diagnostic criteria
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Psychopathy is strongly associated with violence and criminal recidivism (Junewicz 
and Billick, 2020; Murrie et al., 2004). In addition to antisocial personality 
disorder, other cluster B personality disorders such as narcissistic and borderline 
personality disorders along with substance use disorder and ADHD are common 
psychiatric co-morbidities of psychopathy (De Brito et al., 2021a). While the 
prevalence of psychopathy is estimated to be around 1 % in general population, the 
prevalence can exceed 25% in prisoners and was reported to be 16.4% in Finnish 
incarcerated offenders (De Brito et al., 2021a; Jüriloo et al., 2014). Psychopathy is 
strongly heritable (Blonigen et al., 2005; Larsson et al., 2006; Tuvblad et al., 2017, 
2014), but the exact genetic factors are still unknown (De Brito et al., 2021a). 
Environmental factors such as prenatal maternal stress, childhood maltreatment 
and negative parenting styles also play a role in the development of psychopathy, 
but these are at least partly entangled and interact with the predisposing parental 
genetic factors (De Brito et al., 2021a). 

The theories on psychopathy have been developing into two main directions 
with the emotion-focused stressing on the dysfunction of the affective system and 
attention-focused stressing on broader information processing deficits that are not 
specific to emotions. The first theory of low-fear in psychopathy was proposed by 
Lykken in 1957 and has been followed by Blair’s amygdala centered theory of 
Integrated Emotion System in 2005 and Kiehl’s Paralimbic Dysfunction Hypothesis 
in 2006 (Blair, 2005b; Hamilton et al., 2015; Kiehl, 2006). One of the most known 
attention-based theories of psychopathy is the Response Modulation Hypothesis, 
which proposes a limitation in the ability to use contextual information that 
contraindicates goal-related behavior and results in failure to stop and reflect on 
the potentially maladaptive behavior (Hamilton et al., 2015). The latest theories of 
Differential Amygdala Activation model by Mould, Killcros and Dadds (2012) and 
Impaired Integration model by Hamilton et al. (2015) try to combine the affective 
and cognitive view on psychopathy based on the findings of fMRI studies (Hamilton 
et al., 2015; Moul et al., 2012). Differential Amygdala Activation model is based on 
the idea of dysfunction in the reflexive and preconscious shift of attention to salient 
stimuli, such as fear due to reduced activation of the basolateral amygdala 
(Hamilton et al., 2015). In turn the Impaired Integration model proposes that, the 
psychopathic syndrome can be understood as inadequate perceptual ability to 
integrate socio-emotional information from different components, such as 
memory, attention, cognition and emotions due to poor connectivity between 
functional neural networks (Hamilton et al., 2015).  

In the 1970s a Canadian psychologist Robert Hare adopted Cleckley’s theories 
as a basis to develop a clinical tool, 22-item Psychopathy checklist (PCL), for 
assessing psychopathy in individuals. Whereas the PCL measured more the 
personality traits and was validated and greatly used in forensic settings, the DSM-
III focused more on the criminal antisocial behavior and served the work at the 
psychiatric clinics (Crego and Widiger, 2015). Ever since the DSM-IV in 1991, the 



 
 

25 

diagnostic criteria of antisocial personality disorder have moved towards the 
direction of PCL and brought the two related concepts, antisocial personality 
disorder and psychopathy closer to each other (Crego and Widiger, 2015).  

Hare’s revisited version of PCL in 1991 (PCL-R) divides psychopathy into two 
main factors: interpersonal/affective factor 1 and chronic antisocial lifestyle factor 
2 (Hare, 2011). The factor 1 is further divided to interpersonal and affective facets 
and factor 2 is divided to lifestyle and antisocial facets (Table 4). Each of these 20 
facets are scored in a 3-point scale from 0 to 2 with a total score cut-off limit of 30 
out of 40 for psychopathy (Brazil, 2016; Neumann et al., 2013). In the Scandinavian 
countries the PCL-R cut-off limit for psychopathy has been suggested to be lower 
than the original North American one, being in the range of 25–26 (Jüriloo et al., 
2014). The term primary psychopathy refers to these factor 1 facets of psychopathy, 
which are seen as the core of psychopathy resulting largely from genetic and 
biological influences (Crego and Widiger, 2015; Verschuere and te Kaat, 2020; 
Yildirim and Derksen, 2015b). Secondary psychopathy in turn refers to sociopathic 
and social deviance of factor 2 facets, which are related to adverse environmental 
factors such as developmental trauma or maltreatment (Verschuere and te Kaat, 
2020; Yildirim and Derksen, 2015b). Primary psychopathy is associated with 
increased emotional stability, fearlessness and being more self-assured than 
secondary psychopathy, which is often associated with greater psychopathology (De 
Brito et al., 2021a; Maguire et al., 2024). Today, the PCL-R is still the most validated 
technique in the forensic settings to evaluate psychopathy (Horley, 2014). 

Table 4. Psychopathy Checklist Revisited facets (Hare, 2011). 

 

Psychopathy Checklist - Revised
Factor 2
Lifestyle
• Need for stimulation
• Parasitic lifestyle
• Lack of realistic, long-term goals
• Impulsivity
• Irresponsibility
Antisocial
• Poor behavioural control
• Early behavioural problem
• Juvenile delinquency
• Revocation of conditional release
• Criminal versatility

• Factor 1
Interpersonal
• Glibness – superficial charm
• Grandiose sense of self-worth
• Pathological lying
• Conning – manipulative
Affective
• Lack of remorse or guilt
• Shallow affect
• Callous – lack of empathy
• Failure to accept responsibility
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4.1. Structural imaging of psychopathy 

Neuroimaging studies in psychopathy have reported heterogenous results covering 
all four lobes in the brain (De Brito et al., 2021a). A recent systematic review 
concluded that decreased GMV in fronto-temporal areas, amygdala, hippocampus, 
INS and CC are most consistent neuroanatomical correlates of psychopathy 
(Johanson et al., 2020). A recent VBM meta-analysis also found general reduced 
mean volume and total GMV in psychopathy (Tully et al., 2023a). Two latest meta-
analyses suggest that GMV reduction in the OFC and dlPFC are the most consistent 
neural correlates of psychopathy (De Brito et al., 2021b; Yang and Raine, 2009). 
However, decreased GMV in amygdala, INS, ACC, frontal pole and nucleus 
lentiformis have also been observed in meta-analyses (Aoki et al., 2014; Tully et al., 
2023a; Yang and Raine, 2009). Increase of GMV has been observed in only one of 
the meta-analysis and it was focused to fusiform gyrus, parietal lobule, cingulate 
gyrus and postcentral cortex (Aoki et al., 2014). Decreased GMV in the 
frontotemporal and limbic areas can be seen also in children with CD/CU, 
supporting their precursory role for psychopathy (De Brito et al., 2019; Raine, 2018; 
Rogers and De Brito, 2016). Moreover, the same brain areas where criminal 
psychopathy shows structural alterations are also associated with psychopathic 
traits in healthy volunteers (Nummenmaa et al., 2021). Finally, DTI studies have 
presented reduced white matter integrity of uncinated fasciculus in adults with 
psychopathy and antisocial behavior compared to healthy controls but also 
compared to individuals with antisocial behavior without psychopathy (Waller et 
al., 2017).  

4.2. Functional imaging of psychopathy 

FMRI meta-analyses of psychopathy have shown heterogenous findings across the 
brain, but the most persistent alterations in activation have been found in the PFC. 
At network level, the task-based fMRI meta-analyses have shown persistently lower 
activation of the affective salience network (Deming and Koenigs, 2020; Nelson 
Aguiar et al., 2023). Rs-fMRI studies have reported aberrant connectivity in the 
DMN, fronto-parietal network and in their interconnection associated with 
psychopathy traits (Cohn et al., 2015; Espinoza et al., 2019; Philippi et al., 2015; Pu 
et al., 2017; Umbach and Tottenham, 2021; Winters et al., 2021). In studies of 
connectivity, one task-based meta-analysis associated psychopathic traits with 
higher connectivity in the anterior INS/claustrum and lower connectivity in the 
cerebellum (Dugré and De Brito, 2025).  A more detailed breakdown of the results 
of the task-based fMRI meta-analyses is presented below (Table 5). 

Meta-analyses across the tasks have shown divergent findings of hyperactivity 
and hypoactivity of the PFC, but with hypoactivation of the ACC being the most 
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consistent finding (Deming and Koenigs, 2020; Dugré and De Brito, 2025; Nelson 
Aguiar et al., 2023; Poeppl et al., 2019; Yang and Raine, 2009).  

4.2.1. Social tasks 

A meta-analyses by Dugre et al found that during social tasks (face processing, ToM 
and emotion processing) there is hyperactivation of putamen, precuneus, medial 
prefrontal cortex, dlPFC, cerebellum and rolandic operculum in psychopathy, 
whereas hypoactivation is found in the medial cingulate cortex (MCC), 
hippocampus, inferior and medial occipital cortex, IFG and fusiform gyrus (Dugré 
et al., 2020). The face perception meta-analyses in psychopathy have revealed 
decreased activation in amygdala, vmPFC, ACC, superior and IPL, middle temporal 
gyrus and  fusiform gyrus, but increased activity in INS (Berluti et al., 2023; 
Penagos-Corzo et al., 2022). According to meta-analysis by Lenzen et al. 2021, ToM 
tasks show hyperactivation of INS and IPL in psychopaths versus controls, whereas 
hypoactivation is observed in the dorsomedial, inferior and lateral prefrontal 
cortex, amygdala and midbrain (Lenzen et al., 2021). There is only one brain 
imaging meta-analysis on the social reward in psychopathy, which found no 
differences in task-related brain activity (Dugré et al., 2020). 

4.2.2. Non-social tasks 

To my knowledge, there is only one meta-analysis by Dugre et al (2020) studying 
brain activity during non-social tasks in psychopathy. This study reported 
hypoactivation of the premotor cortex, aINS, middle temporal and middle frontal 
gyri and cerebellum during inhibitory tasks in psychopathy, while there was no 
consistent hyperactivation across individual studies (Dugré et al., 2020). In acute 
threat tasks, studies have found hypoactivation of the bilateral dorsal ACC, SMA, 
MCC, aINS, triangular part of the IFG, middle occipital gyrus, dlPFC, inferior 
parietal gyrus and inferior temporal gyrus (Dugré et al., 2020).  This meta-analysis 
found no differences in brain activation between individuals with and without 
psychopathy during non-social reward tasks. Processing punishment of monetary 
loss was associated with hyperactivation of cerebellum and midbrain, whereas 
hypoactivation was found in the premotor cortex in passive avoidance and 
monetary incentive delay tasks.  
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Table 5. Overview of the task-based fMRI meta-analyses in Psychopathy. Areas with higher or lower 
fMRI activation in at least two meta-analyses are included in the table, excluding areas with 
contradictory findings (Berluti et al., 2023; Deming and Koenigs, 2020; Dugré et al., 2020, 2020; 
Dugré and De Brito, 2025; Herpers et al., 2014; Lenzen et al., 2021; Murray et al., 2018; Nelson 
Aguiar et al., 2023; Penagos-Corzo et al., 2022; Poeppl et al., 2019; Umbach and Tottenham, 2021; 
Yang and Raine, 2009). 

 

4.3. Molecular imaging of psychopathy 

Mainly due to their role in aggressive and impulsive behavior, dopamine and 
serotonin have been the most widely examined neurotransmitters in studies of 
psychopathy (Frazier et al., 2019; Glenn and Raine, 2008; Yildirim and Derksen, 
2015a). Preliminary results have also suggested a possible role for endogenous 
opioid system in psychopathy (Bandelow and Wedekind, 2015).  

Animal and human studies propose that psychopathy is related to increased 
tonic striatal dopaminergic activity, but dysfunctional dopaminergic functioning in 
PFC (Yildirim and Derksen, 2015a). In addition, antipsychotic dopamine 
antagonists have been shown to reduce aggressive behavior in humans across 
multiple diagnoses (Bak et al., 2019; van Schalkwyk et al., 2018). Functional 

Social tasks Non-social tasks

Social

Face processing

Theory of mind

Inhibitory control

Punishment
processing

Acute threat 
response 

Putamen 
Precun 
mPFC 
dlPFC 
Cereb 
OpR

MCC 
Hippocampus 

IOG
MOG
IFG

Insula

IPL  
SPL
ACC 
vmPFC 

Amygdala   
FG  
MTG

dmPFC 
lnfPFC 
Midbrain 
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IPL 
latPFC

-

PreCG

dACC 
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IFG 
MOG 
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IPG 
ITG

-Insula
IPL
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imaging studies in humans have presented also evidence for striatal hyperactivity 
in psychopathy, but there are currently only two PET-studies on dopamine system 
and psychopathy (Glenn and Yang, 2012). PET-imaging study using [18F]fallypride 
has presented lower baseline D2R availability and enhanced dopamine release in 
NAcc after amphetamine challenge to predictict psychopathic traits in a community 
sample (Buckholtz et al., 2010a), suggesting a hypersensitivity in the striatal 
dopaminergic reward system. Additionally, Lukkarinen et al. established also to 
show lower baseline D2R availability with [11C]raclopride in a violent offender 
group compared to controls (Lukkarinen et al., 2024).  

Human and animal studies have suggested a dysfunction of the endogenous 
opioid rewarding system in psychopathy (Bandelow and Wedekind, 2015) and 
opiate addiction has been associated with antisocial behavior (Ross et al., 2005). 
Additionally, psychopathy has been associated with down-regulation of the mu-
opioid receptor gene OPRD1 (Tiihonen et al., 2020). However, a PET-imaging study 
by Lukkarinen et al. found no significant group differences in MOR binding 
between the psychopathy and control group (Lukkarinen et al., 2024).  

Serotonin has been suggested to play a further role in the development of 
psychopathy through its modulatory role in dopaminergic functioning (Glenn and 
Raine, 2008; Yildirim and Derksen, 2015a). In addition, serotonin plays a 
bidirectional role in emotional hyporesponsivity and emotional dysregulation, 
which are presented opposingly in primary and secondary psychopathy (Yildirim 
and Derksen, 2013). One PET-imaging study has found a strong positive correlation 
between the level of psychopathy and serotonin tracer binding in the nucleus 
caudatus and OFC in violent offenders (da Cunha-Bang et al., 2017). Another PET-
study with intermittent explosive disorder patients presented a positive correlation 
between callous psychopathy traits and serotonin transporter (SERT) binding in 
ACC (van de Giessen et al., 2014). 

5. Similarities and differences between ASD and 
psychopathy  

ASD and psychopathy are two clinically distinct disorders, but they also share a lot 
of features (Figure 4). As these two conditions are both strongly heritable, have 
their origin in the early childhood, present structural and functional brain 
abnormalities and neurocognitive deficits with stabile developmental course 
resulting to impairments in adulthood, they can both be considered as 
neurodevelopmental disorders (De Brito et al., 2021a; Lord et al., 2022; Raine, 
2018; Thapar et al., 2017). Moreover, ASD and psychopathy both have strong 
genetic background (McCrory, n.d.; Tick et al., 2016) and they may also share some 
of their genetic origin (Jones et al., 2009; O’Nions et al., 2015; Tick et al., 2016; 
Tiihonen et al., 2020).  
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The prevalence of comorbid ADHD, depression, alexithymia is higher in ASD 
and psychopathy as compared to neurotypical controls, whereas the risk of anxiety 
is related only to autism and secondary psychopathic traits (De Brito et al., 2021a; 
Hirota and King, 2023; Lockwood et al., 2013). The risk of aggressive behavior and 
difficulties in social relationships are elevated in both disorders (De Brito et al., 
2019, 2021a; Fitzpatrick et al., 2016; Hill et al., 2014; Hirota and King, 2023; Kanne 
and Mazurek, 2011).  

Psychopathy and ASD are both associated with difficulties in recognizing 
emotional expressions from faces (Blair et al., 2001; Clark et al., 2008; Harms et 
al., 2010; Hastings et al., 2008; Marsh and Blair, 2008; Uljarevic and Hamilton, 
2013; Woodworth and Waschbusch, 2008). Lack of empathy is an important 
feature in both disorders, but its manifestation differs in these disorders (Blair, 
2008; Fitzgerald, 2019; Jones et al., 2010; Lockwood et al., 2013). While 
psychopathy is associated with diminished affective empathy and intact cognitive 
empathy, ASD on the opposite is associated with diminished cognitive empathy and 
intact affective empathy in adults (Maguire et al., 2024). Studies have reported 
impaired automatic mimicry (motor empathy) with intact deliberate imitative 
capability in both of these disorders, but results have been partly mixed (Ayache et 
al., 2025; Bons et al., 2013; Book et al., 2015; Carnevali et al., 2024; Edwards, 2014; 
Eigsti, 2013, 2013; Harmsen, 2019; Helt et al., 2021; Khvatskaya and Lenzenweger, 
2016; Künecke et al., 2018; Kyranides et al., 2024, 2023; Luckhurst et al., 2017; 
McIntosh et al., 2006; Meffert et al., 2013; Mier et al., 2014; Oberman et al., 2009; 
O’Nions et al., 2017; Wagner et al., 2020). Challenges in social interaction and ToM 
are central to ASD (Gao et al., 2023; Hirota and King, 2023), whereas psychopathy 
is characterized by manipulative and conning behavior while ToM is thought to be 
intact (Blair and White, 2013). However, a recent meta-analysis showed that 
psychopathic traits exhibit also some impairments in both affective and cognitive 
ToM (Song et al., 2023). Primary psychopathy was associated with more severe 
deficits of ToM (Song et al., 2023). Moral judgement has been considered to be poor 
in psychopathy and more or less intact in ASD (Blair, 2008). However recent meta-
analyses have reported only slight deficits of moral reasoning and decision-making 
in psychopathy (Marshall et al., 2018) and systematic reviews have argued on weak 
moral reasoning but intact decision-making in ASD (Dempsey et al., 2020).   

The prevalence of aggressive behavior in children and adolescents with ASD has 
been evaluated to be high (25-68%) and this is not associated with ID or the severity 
of ASD symptoms (Hill et al., 2014; Kanne and Mazurek, 2011). However, lower 
intelligence is a risk factor for aggressive behavior in general (De Brito et al., 2021a; 
Ttofi et al., 2016) and ASD has been shown to be a risk factor for aggressive behavior 
in people with ID (McClintock et al., 2003). Reactive aggression is thought to be 
more prevalent in ASD than proactive (Kirst et al., 2022; Oubrahim and 
Combalbert, 2021; Pouw et al., 2013) and self-injurious behavior is also common 
(Labarca et al., 2025). Reactive aggression in ASD is mainly associated with 
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impaired emotion regulation and overstimulating environment (Pouw et al., 2013). 
Unlike in neurotypical individuals, in children with ASD affective empathy is 
positively and cognitive empathy is negatively correlated with reactive aggression 
(Pouw et al., 2013). Finally, ASD is associated with deficits in inhibitory control that 
are independent of comorbid ADHD and are modulated by age and intellectual 
functioning (Tonizzi et al., 2022). 

Psychopathy is related to both reactive and proactive aggression (De Brito et al., 
2021a; Jambroes et al., 2018). The traits of secondary psychopathy (impulsive and 
irresponsible) with low verbal intelligence are correlated with reactive aggression, 
whereas primary psychopathy traits (callous unemotional) correlate with violence 
in general and are not moderated by intelligence (Jambroes et al., 2018). 
Additionally, in people with ID and ASD, primary psychopathy traits are associated 
with more severe aggression and self-injurious behavior and stereotypical behavior 
(Álvarez-Couto et al., n.d.).  

Autistic and psychopathic traits overlap in the general population (Barnard-
Brak and Richman, 2021; Loureiro et al., 2018). Despite the fact that ASD might be 
underdiagnosed in forensic settings (Loureiro et al., 2018), both disorders are over-
represented in high security forensic facilities (Fazio et al., 2012; Im, 2016; 
Jeandarme et al., 2022; Murphy, 2020; Reiss et al., 1999). The prevalence of 
diagnostic psychopathy in prison is estimated to be 16-25 %, but prevalence rates 
for ASD vary greatly from 0.2 to 62.8 % and the estimates are likely to be unreliable 
due to methodological reasons (Collins et al., 2023; De Brito et al., 2021a; King and 
Murphy, 2014). However, both psychopathy and ASD traits are suggested to be 
over-presented in prison (Loureiro et al., 2018). Despite these aforementioned 
connections, only psychopathy has been related to violence and criminal behavior 
(Del Pozzo et al., 2018; Im, 2016; King and Murphy, 2014; Murrie et al., 2004). 
Furthermore, individuals with ASD are rather law abiding and prone to be victims 
of violence and crime themselves (Allely et al., 2017; Im, 2016; Trundle et al., 2023).  

Psychopathy and ASD are regarded as distinct disorders and their co-occurrence 
is considered as a double diagnosis, which is often referred as criminal autistic 
psychopathy in the literature (Carthy and Murphy, 2021; Fitzgerald, 2019; Maguire 
et al., 2024; Murphy et al., 2024; Rogers et al., 2006). Based on self-report 
questionnaire studies, the prevalence of callous unemotional traits and 
psychopathy in people with ASD or high autistic traits has been evaluated to range 
from 25 % to 56 % (Maguire et al., 2024). There are only few studies on comorbidity 
between these two disorders in forensic settings, which show no correlation 
between psychopathy and ASD traits (Maguire et al., 2024; Murphy et al., 2024). 
Only two studies have used PCL-R to evaluate psychopathy in forensic psychiatric 
autistic patients and they found no diagnostic comorbidities, but a positive 
correlation with affective components of psychopathy and autistic traits (Murphy 
et al., 2024). 
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Problems in higher-order cognition are also common in both ASD and 
psychopathy. At least 30% of children with ASD do not acquire spoken language 
and the global prevalence of ID in ASD is evaluated to be up to 33% (Braconnier 
and Siper, 2021; Elsabbagh et al., 2012). A term “highly functioning autism” has 
been referred to ASD individuals without ID (Intelligence Quotient IQ ≥ 70) 
(Alvares et al., 2020). However, low adaptive functioning is common in ASD even 
without ID and IQ is regarded as a poor predictor of functional abilities in ASD 
without ID (Alvares et al., 2020; Braconnier and Siper, 2021). Savant skills, that 
exceed conventional human abilities, for example, in arithmetic, arts or 
memorizing, are present in approximately 29% of ASD individuals (Hirota and 
King, 2023).  

Secondary psychopathy is associated with criminality and lower IQ, whereas 
primary psychopathy has been related to better adaptive functioning and success in 
life, but its associations to IQ have been discordant (Durand et al., 2023; Isen et al., 
2018; Michels, 2021; Sánchez De Ribera et al., 2019; Wallace et al., 2022). There is 
a lack of awareness and established diagnostics of personality disorders in people 
with ID and no reliable evidence of increased prevalence of psychopathy in ID have 
been presented in the present scientific literature (Morrissey and Hollin, 2011). 
Recent meta-analyses have shown that deficits of executive functions in 
psychopathy are rather small, related to antisocial traits and centralized to 
inhibition and planning problems, whereas ASD is related to moderate and broad 
spectrum of problems in executive functions, cognitive flexibility in particular 
(Braconnier and Siper, 2021; Burghart et al., 2024; Demetriou et al., 2018).  
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Figure 4. Shared features and contrasts between ASD and psychopathy. The data is collected from 
Rogerts et al (2006), Carthy et al (2021), Im et al (2016), Allely et al (2016), Murphy et al (2020), 
Loureiro et al (2018), Barnard-Brak and Richmann (2019), Lockwood et al (2013), Fitzpatrick et al 
(2016), Kanne and Mazurek (2011), Raine (2018), Viding and McCrory (2012), Tick et al (2015), Ó 
Nions et al (2015), Tick et al (2016), Tiihonen et al (2020), Murrie et al (2014), Im (2016), King and 
Murphy (2014), Fitzgerald (2018). 

5.1. Structural imaging of ASD and psychopathy 

Whereas psychopathy is linked with decreased frontotemporal GMV from 
childhood CD/CU to adulthood (De Brito et al., 2019; Johanson et al., 2020; Raine, 
2018; Rogers and De Brito, 2016), ASD is related to more complex aberrant growth 
trajectory leading to increased frontal but decreased temporal GMV in adulthood 
(Boedhoe et al., 2020; Eric Courchesne et al., 2011; Van Rooij et al., 2018). There is 
only one previous structural study comparing these disorders directly at the level of 
social and antisocial traits (Boedhoe et al., 2020; Johanson et al., 2020; Van Rooij 
et al., 2018; Wallace et al., 2012). In a study of 323 typically developing and 
normally functioning adolescents, elevated psychopathic traits were associated 
with lower cortical thickness in the anterior PFC and elevated ASD traits were 
associated with lower cortical thickness in STS and TPJ. The only overlapping 
region of cortical thinning as a function of psychopathic and autistic traits was in 
the left medial parietal cortex (Wallace et al., 2012).  
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5.2.  Functional imaging of ASD and psychopathy 

Functional imaging meta-analyses have shown aberrancies of frontal lobe, 
cingulate cortex and amygdala in both ASD and psychopathy during social tasks (Di 
Martino et al., 2009; Dickstein et al., 2013; Dugré et al., 2020; Herpers et al., 2014; 
Patriquin et al., 2016). During face processing tasks both disorders have been linked 
with aberrancies of ACC, STS, and fusiform gyrus (Berluti et al., 2023; Di Martino 
et al., 2009; Patriquin et al., 2016; Penagos-Corzo et al., 2022; Philip et al., 2012; 
Sugranyes et al., 2011), whereas during ToM tasks aberrant function has been found 
in the IPL and PFC (Lenzen et al., 2021; Philip et al., 2012; Sugranyes et al., 2011). 
Alterations of DMN have also been associated with both disorders (Carlisi et al., 
2017; Deming and Koenigs, 2020; Di Martino et al., 2009; Dugré and Potvin, 2021; 
Ilioska et al., 2023; Lau et al., 2020, 2019; Liloia et al., 2024; Umbach and 
Tottenham, 2021; Wang et al., 2021; W. Wang et al., 2018). 

There are only two previous fMRI studies comparing these two disorders 
directly. One fMRI study using empathy tasks found reduced responses in cognitive 
empathy associated vmPFC with in youths with ASD during emotional recognition 
task compared to neurotypical controls (Klapwijk et al., 2016). In turn, youths with 
CD/CU traits showed reduced responses in emotional empathy related brain 
regions (IFG, aINS) during emotional resonance compared to controls (Klapwijk et 
al., 2016). During the emotional resonance task both study groups showed reduced 
response in emotional processing area, the amygdala, while youths with ASD 
showed reduced responses also in the hippocampus compared to neurotypicals 
(Klapwijk et al., 2016). In another fMRI study using ToM tasks, the children with 
ASD showed atypical neural processing in the medial prefrontal cortex compared 
to typically developing children, but there was no difference between children with 
conduct problems and high callous unemotional traits and typically developing 
children (O’Nions et al., 2014). In the ASD group, fMRI responses in the medial 
prefrontal cortex and TPJ correlated with symptom severity measured with ADOS 
(O’Nions et al., 2014). 

5.3. Molecular imaging of ASD and psychopathy 

PET-imaging research of ASD and psychopathy has focused mainly on serotonin 
and dopamine neurotransmitter systems (Buckholtz et al., 2010a; da Cunha-Bang 
et al., 2017; Lukkarinen et al., 2024; Tan et al., 2022; van de Giessen et al., 2014; 
Zürcher et al., 2015). Currently there are no PET-imaging studies comparing these 
disorders directly.   
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C. Objectives  
This PhD thesis aimed to explore similarities and differences of the social brain in 
psychopathy and autism spectrum disorder (ASD) using structural and functional 
brain imaging methods (MRI, fMRI, and PET). Study I focused on investigating the 
structural brain alterations in psychopathy and ASD. Study II mapped functional 
brain responses in these two conditions during social perception tasks. Study III 
investigated atypical neuromolecular functioning associated with ASD at the level 
on dopamine and endogenous opioid neurotransmission.  

D. Materials and methods 

1. Subjects  
We recruited altogether 65 volunteers for the studies. All participants gave 
informed, written consent and were compensated for their participation. The study 
protocol was approved by the ethics board of the Hospital District of Southwest 
Finland (ETMK Dnro: 60/1801/2017 §181, §588), and the study was conducted in 
accordance with the Declaration of Helsinki. The study also obtained a research 
permit from the Hospital District of Helsinki and Uusimaa since the ASD group 
participants were largely recruited from this area (HUS/161/2019 §22, 
HUS/153/2021 §1).  

For minimizing confounding factors and maximizing statistical power, the study 
was run using a male-only sample with a restricted age range (20–50 years). In 
addition, a significant male overrepresentation is observed in both imprisonment 
rates and the prevalence of autism spectrum disorder (ASD) (Cúnico and Lermen, 
2020; Hirota and King, 2023). The general exclusion criteria were current use of 
narcotics, current abusive use of alcohol (over 14 U /week), previous or current 
severe axis I psychiatric illnesses assessed by SCID-I interview (Spitzer et al., 1992), 
autoimmune illnesses, current medical conditions, exceptional risk of violence and 
the standard MRI exclusion criteria. Structural brain abnormalities that were 
clinically relevant or could bias the analyses were excluded by a consultant 
neuroradiologist. 

For the self-report evaluation of psychopathy and ASD, the participants 
completed the Levenson Self-Report Psychopathy Scale (LSRP) questionnaire 
(Levenson et al., 1995) and Autism-Spectrum Quotient (AQ) questionnaire (Baron-
Cohen et al., 2001; Bishop et al., 2004). AQ comprises 50 questions measuring five 
different facets of autism spectrum disorder: social skill, attention switching, 
attention to detail, communication, and imagination. The cut-off limit in AQ for 
clinically significant ASD traits is total score of 32 (Baron-Cohen et al., 2001). LSRP 
measures the primary and secondary dimensions of psychopathy with 26 questions. 
The cut-off limit for psychopathy in LSRP is defined as total score of 48 or below 



 
 

36 

for non-psychopathic and 58 or more for psychopathic respondent, whereas total 
score of 49 to 57 is considered as mixed respondents (Brinkley et al., 2001).  

The education of all the participants was classified in three different categories: 
(1) primary school, (2) secondary degree, (3) university degree (Table A2). All the 
participants were screened for their clinical status, with comprehensive general 
blood laboratory exams, including a urinary test for the use of narcotics.  

1.1. ASD group 

The ASD group consisted of twenty-two male participants with ASD diagnosis 
(mean age 28 years, range 20–40 years), recruited from the Helsinki and Turku 
University Hospital Neuropsychiatric Clinics, with one subject also recruited from 
Neuropsychiatric Clinic Proneuron, in Espoo (https://proneuron.fi/). The only 
inclusion criterion was a valid autism spectrum disorder diagnosis (DSM-5 
299.00). The diagnoses were verified by a neuropsychologist, neurologist, and 
psychiatrist following DSM-5 criteria based on patient history, all accessible 
information from birth records, well-baby clinics, and school healthcare. Autism 
Diagnostic Observation Schedule-Second Edition (ADOS-2) assessment (Esler et 
al., 2015) was also performed by trained, research-reliable clinical psychologist to 
quantify the autism severity in this group.  

Six of the ASD participants had additional diagnosis of ADHD and eight had 
additional diagnosis of mood or anxiety disorders. As all the participants in the ASD 
groups scored below 49 in the LSRP, they were considered non-psychopathic and 
PCL-R evaluation was not deemed necessary (Brinkley et al., 2001). There was no 
history of excessive alcohol use or substance use in the ASD group. Twenty 
individuals from the ASD group took part in Study I (MRI) and Study II (fMRI). 
Possible opioid and dopaminergic medications were withdrawn before MRI and 
fMRI measurements, but it was not possible to execute a total discontinuation of 
the medications. Clinical information of these ASD subjects is found in Table 6-7. 
After two additionally recruited participants, altogether sixteen individuals from 
the ASD group took part in Study III (PET). These ASD group participants did not 
have any opioid or dopaminergic medication and the clinical information and 
characteristics of these ASD participants is found in Table 6-7.   

1.2. Violent offender group 

The violent offender group consisted of 19 male inmates with high psychopathy 
traits (mean age 31 years, range 23–45 years) from Turku Prison who had been 
sentenced for murder (n = 5), manslaughter (n = 5), attempted manslaughter (n = 
3), or grievous bodily harm (n = 6). The inclusion criterion for the group was a 
current sentence for at least one violent crime (murder, manslaughter, rape, 
assault). Psychiatric diagnoses of the offender group were based on prison health 
care and forensic psychiatric violence risk assessments, or thorough forensic 
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psychiatric examination reports concerning legal responsibility, two recruitment 
interviews, and semi-structured PCL-R interviews. Psychopathy of the offenders 
was evaluated with semi-structured interview by experienced forensic psychiatrists 
or psychologists based on the PCL-R (Hare, 2011). Two of the offenders refused to 
be evaluated with this interview. Final consensus diagnoses were made by two 
medical specialists both in psychiatry and forensic psychiatry with 13–25 years of 
experience in the field of prison psychiatry, who were assisted by a psychologist 
with a 15- year working history in a Psychiatric Hospital for Prisoners.  

Altogether 16 participants had antisocial personality disorders, as defined by 
DSM-5 criteria (American Psychiatric Association, 2022), and 3 who fulfilled the 
other criteria of antisocial personality disorder, except the criterion of conduct 
disorder before the age of 15 years. History of excessive alcohol use was present in 
13 participants, and 18 participants had self-reported or documented use of illegal 
substances (black market benzodiazepines, pregabalin or opioids, cannabis, 
amphetamines, gamma-hydroxybutyrate, methylenedioxypyrovalerone, anabolic 
steroids, and cocaine). Information concerning the severity of abuse was considered 
unreliable. One participant in the offender group scored 35 in AQ but showed no 
evidence of comorbid ASD in clinical evaluations. ADOS-2 evaluations in this group 
were not considered necessary. However, three of the offender group did not 
complete the AQ questionnaire. Clinical information of offenders is found in Table 
6-7. 

All the offenders took part in the study I (MRI) and study II (fMRI). The possible 
opioid and dopaminergic medications were mostly withdrawn before the 
measurements, but all medication could not be fully discontinued. The offenders 
were each escorted by two prison guards to the local research institute for the brain 
imaging study. Clinical information of offenders is found in Table 6-7.  

 

1.3. Control group 

The control group consisted of 24 male participants with clean criminal record and 
no history of neurological or psychiatric disorders (mean age 29 years, range 20–
49 years). They were screened for medical conditions from their patient histories, 
and their use of prescribed medication was double-checked from the Finnish 
medical database. All the participants in control group scored below the cut-off 
limits of 32 in the AQ and 49 in the LSRP and were considered non-autistic and 
non-psychopathic. Therefore, ADOS and PCL-R evaluations were not considered 
necessary for this group (Baron-Cohen et al., 2001; Brinkley et al., 2001). Nineteen 
control participants took part in Studies I (MRI) and II (fMRI), and after five 
additionally recruited participants, Study III (PET) included all the 24 control 
participants. Clinical information of the control participants is found in Table 6-7. 
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Table 6. Subject characteristics. *Statistically significant group differences (p<0.05). 1 Significant 
p<0.05 differences between groups except between ASD and Healthy controls in ONE-WAY 
ANOVA analyses. 
 

Study I-II Study III    
  

  
 

ControlsI-II ASDI-II OffendersI-II ControlsIII ASDIII 
 

Mean (Std.) Mean (Std.) Mean (Std.) Mean (Std.) Mean (Std.) 

Age 29 (8) 28 (6) 31 (7) 29 (9) 30 (5)    
  

  

n (males) 19 20 19 24 16    
  

  

Education*           
No 
graduation 

0 0 2 - - 

Primary 
School  

0 3 11 - 2 

Second 
degree 

10 14 5 14 12 

University 9 3 0 10 2    
  

  

Psychopathy           

PCL-R  - - 26 (5) n=17 - - 

LSRP 
primary 1 

22 (3) 23 (4) 31 (6) n=15 - - 

LSRP 
secondary* 

13 (3) 17 (3) 20 (3) n=15 - - 

            

Autism 
  

  
  

AQ* 11 (4) 28 (6) 20 (6) n=16 12 (5) 28 (6) 

ADOS-2 - 11 (4) - - 11 (5) 

            

Handedness 
  

  
  

Right 16 13 16 20 9 
Left 3 7 3 4 5 
            
BMI - - - 25 (2) 26 (7) 
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Table 7. Subject characteristics. 2Medication stopped 1 day before the scanning. 
 

Study I-II Study III    
  

  
 

ControlsI-II ASDI-II OffendersI-II ControlsIII ASDIII 
  Number of 

participants 
Number of 
participants 

Number of 
participants 

Number of 
participants 

Number of 
participants 

Current 
diagnoses: 

          

Autism Spectrum 
disorder 

- 20 - - 16 

Antisocial 
personality 
disorder 

- - 16 - - 

Borderline 
personality 
disorder 

- - 4 - - 

ADHD - 6 5 - 2 
Previous 
diagnoses: 

  
  

  

Mood and Anxiety 
disorder 

- 8 4 - 6 

Substance abuse - - 18 - - 
Alcohol abuse - - 13 - -    

  
  

Medication:           
SSRIs, SNRIs - 4 5 - 3 
Tricyclic 
antidepressants 

- - 4 - - 

Other 
antidepressants 

- 1 - - - 

Hypnotics and 
Anxiolytics 

- 3 6 - 12 

Neuroleptics - - 6 - - 
Stimulants - 2 1 - - 
Betablockers - - 2 - - 
Antihistamines - 1 9 - - 
Levothyroxine - 1 1 - - 
Melatonine - 2 6 - 1 

 

2. Overall study design 
In study I we investigated the GMV in all the study groups using structural MRI 
imaging and VBM. In study two the participants completed facial and vocal 
expression perception tasks during fMRI. Study III involved PET-imaging of ASD 
and control group with two different radiotracers, [11C]raclopride binding to type 
II dopamine receptor (D2R) and [11C]carfentanil, binding to for mu-opioid 
receptors (MOR). (Figure 5).  
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Figure 5. Overall study design in Studies I-III. 

3. Methods 

3.1. Study I 

Structural MRI data were acquired from the participants in all three study groups 
with Phillips Ingenuity TF PET/MR 3 T scanner using T1-weighted sequence (TR 
9.8 ms, TE 4.6 ms, flip angle 7◦, 250 mm FOV, 256 × 256 voxel matrix) and isotropic 
voxel size (1 mm3). SPM12 software was used for automated spatial normalization, 
tissue classification, and radio-frequency bias correction combined with the 
segmentation step to conduct the VBM. To account for differences in total brain size 
across subjects and volume changes caused by spatial normalization, we used non-
linear transformation step as implemented in CAT12 toolbox. All the segmented, 
normalized, and modulated GM and WM images were finally smoothed using a 
Gaussian kernel of 8 mm full width at half maximum (FWHM).  

3.1.1.  Statistical analysis 

Normalized and smoothed VBM images were analyzed with SPM12 using ANOVA 
F-tests and T-tests of the general linear models (GLM). We also evaluated GMV in 
frontal, temporal, INS and amygdala a priori regions of interest (ROI), defined by 
the automated anatomical labeling (AAL) atlas (Tzourio-Mazoyer et al., 2002). In 
addition to the group comparisons, we conducted continuous analyses based on the 
LSRP and AQ questionnaire scores. 

3.2. Study II  

Functional T2∗-weighted echo-planar imaging sequence data (TR = 2600 ms, TE = 
30 ms, 75◦ f lip angle, 240 mm FOV, 80 × 80 reconstruction matrix, 62.5 kHz 
bandwidth, 3.0 mm slice thickness, 45 interleaved slices acquired in ascending 
order without gaps) were acquired from a total of 206 (facial expression task) or 
290 (laughter task) functional volumes with Phillips Ingenuity TF PET/MR 3 T 

ASD Controls

Study I Study II Study III

MRI fMRI PET

D2R MORVBM Facial expression task Vocal expression task

Offenders Controls ControlsASD Offenders ASD

[11C]raclopride [11C]carfentanil
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scanner. Anatomical T1 reference images from study I were processed for Study II 
using fMRIPrep 1.3.0.2 in a following manner: correction for intensity non-
uniformity, skull-stripping, brain surface reconstruction, spatial normalization to 
the ICBM 152 nonlinear asymmetrical template version 2009c. Co-registration of 
functional images to the anatomical reference images, slice-time correction, spatial 
smoothing and automatic removal of motion artifacts was executed using ICA-
AROMA software (Pruim et al., 2015) and images were resampled to the 
MNI152NLin2009cAsym standard space.  

In the emotional facial expression task (Figure 6), participants viewed short 
video clips (5 s) of dynamic facial expressions of joy, disgust, and anger selected 
from Amsterdam dynamic facial expression set (ADFES) database (van der Schalk 
et al., 2011). All clips begun with a neutral face, which was followed by a dynamic 
display of the facial expression. Prior to each clip, participants were shown the first 
frame of the video (i.e. neutral face) for 3.5 s to avoid peaks in low-level visual 
activation due to simultaneous visual stimulus and motion onset. This was followed 
by the dynamic expression from neutral to full expression, with the full-blown 
phase held until the end of the clip. Each stimulus was followed by a random 4–8 s 
of rest period. Again, to avoid peaks in low-level visual cortical activations, a 
scrambled picture of the upcoming model was shown during the rest period. To 
keep participants focused on the task, 4 trials (out of 36 trials in total) contained a 
still picture of the neutral face instead of the video clip. Participants were asked to 
press the response button as soon as they detected a trial without any facial motion. 
These trials were excluded from the analysis. Previous work shows that these 
dynamic stimuli elicit consistent and expression-specific neural responses in 
emotion and face perception circuits (Volynets et al., 2020).  

In the vocal expression task (Figure 6), the participants listened to short 
laughter and crying vocalizations and control stimuli which were generated by time-
domain scrambling of the original sounds. The original stimuli have been 
previously validated and described in detail (O’Nions et al., 2017). The experiment 
was run using a blocked design. In each 16.5-s block, 5 2.5-s stimuli from 1 category 
(i.e. laughter, crying sounds, scrambled laughter, or scrambled crying sounds) were 
played with a 1-s silent period between stimuli. Order of the blocks were 
randomized. The blocks were interspersed with rest blocks lasting for 4–7 s. To keep 
participants focused on the task, an animal sound (vocalization of an alpaca) was 
presented randomly during 50% of the rest blocks. The participants were instructed 
to press the response button whenever they heard the alpaca, and the behavioral 
outcomes were inspected for the focus of attention. A total of 32 blocks (8 blocks 
per stimulus type) were run.  
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Figure 6. Experimental design for the facial expression task (A) and vocal expression task (B). 
Color images and videos were used in the facial expression task. 

3.2.1. Statistical analysis 

The fMRI data were analyzed in SPM12 using GLM (Wellcome Trust Center for 
Imaging, London, UK, (http://www.fil.ion.ucl.ac.uk/spm). For each participant, 
GLM was used to predict the regional effects of task parameters on BOLD indices 
of activation. The contrasts for facial expression task were happy, angry, or 
disgusted facial expressions versus static neutral faces. The contrasts for vocal 
expression task were laughter or crying sound versus corresponding scrambled 
sounds. Subject-wise contrast images were subjected to a second level (random 
effects) model for between-group comparisons for each effect of interest. We also 
fitted multiple regression model for the primary LSRP scores and AQ scores as a 
control analysis, whereas AQ correlated secondary LSRP these scores were left out 
from the analysis. In a complementary methodological approach, regions of interest 
(ROI) were defined in key regions involved in socioemotional processing: anterior, 
middle, and posterior cingulate cortices (ACC, MCC, PCC), precuneus, amygdala, 
caudate, putamen, and INS defined by the AAL atlas (Tzourio-Mazoyer et al., 
2002). Additional ROIs were defined in somatomotor regions including primary 
motor cortex (M1), the secondary motor cortex (M2), the primary somatosensory 
cortex (S1), the secondary somatosensory cortex (S2). A region of interest (ROI) 
analysis using 2-sample t-test in R statistical software (version 3.6.3) was then 
performed for each ROI.  

3.3. Study III 

PET imaging was carried out with General Electric (GE) Healthcare Discovery VCT 
(ASD n = 2, Controls n = 17) and Discovery 690 PET/CT (ASD n = 14, Controls n = 
7) scanners (spatial resolution ~ 5 mm FWHM). We measured the mean availability 
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of MOR with high-affinity agonist radioligand [11C]carfentanil [60] and D2R with 
agonist radioligand [11C]raclopride. The radioactivity in the brain was measured 
for 51 min after bolus injection. Scans with both radioligands were completed >2.5 
h apart from each other on the same day to allow for radiotracer decay. The 
anatomical T1 images from study I were used for reference and normalization 
purposes. High-resolution anatomical T1-weighted images (TR 9.8 ms, TE 4.6 ms, 
flip angle 7º, 250 mm FOV, 256 × 256 voxel matrix with 1 mm3 isotropic voxel size) 
from study I and seven additional scans were obtained with 3T PET-MRI scanner 
(Philips Ingenuity TF PET-MR device, Philips Healthcare) for reference and 
normalization purposes. 

PET images were preprocessed in MATLAB (The MathWorks, Inc., Natick, 
Massachusetts, United States) using in-house Magia pipeline (Karjalainen et al., 
2020) (https://github.com/tkkarjal/magia), which utilizes SPM12 (The Wellcome 
Trust Centre for Neuroimaging, Institute of Neurology, University College London, 
https://www.fil.ion.ucl.ac.uk/spm/software/spm12) in the PET data motion 
correction and image registration and FreeSurfer (version 6.3, 
https://freesurfer.net) in an automated ROI delineation. Parametric BPND images 
were calculated for voxel-level analysis with basis function implementation of 
SRTM (bfSRTM) with 300 basis functions. Before the parametric image 
calculation, the dynamic PET images were smoothed using a Gaussian kernel with 
4 mm full width at half maximum to reduce the effect of noise in voxel-level bfSRTM 
fit. The resulting parametric images were further normalized into MNI152 space 
and smoothed again using a Gaussian 4 mm filter. 

We used altogether 12 MOR binding ROIs involved in reward, motivation and 
socioemotional processing extracted from MRI by using FreeSurfer (striatal: 
caudate, globus pallidus, NAcc, and putamen, extrastriatal: amygdala, thalamus, 
dorsal ACC, rostral ACC, OFC, posterior cingulate cortex (PCC), INS and 
hippocampus) (Chevallier et al., 2012; Fields and Margolis, 2015; Fuccillo, 2016; 
Hirvonen et al., 2009; Majuri et al., 2018; Manninen et al., 2017; Nummenmaa et 
al., 2015; Pellissier et al., 2018; Reeves et al., 2022; Smith et al., 2009; Turtonen et 
al., 2021; Weinstein, 2023). Since [11C]raclopride binds reliably only in the 
striatum (Svensson et al., 2019), we restricted the [11C]raclopride analysis to  
striatal ROIs (Hirvonen et al., 2003; Malén et al., 2022; Seeman et al., 2006; 
Zürcher et al., 2021), with the exception of including thalamus and amygdala 
because of their striatal connections and relevance in ASD (Atzil et al., 2017; Baron-
Cohen et al., 2000; Chevallier et al., 2012; Fuccillo, 2016; Hirvonen et al., 2003; 
Kohls et al., 2012; Malén et al., 2024; Murayama et al., 2022; Sato et al., 2023; 
Schuetze et al., 2016). Reference tissues volumes (cerebellum for [11C]raclopride 
and occipital cortex for [11C]carfentanil) were automatically adjusted to account for 
specific radioligand binding, as described previously (Karjalainen et al., 2020). 
Specific regional binding of [11C]raclopride and [11C]carfentanil was quantified as 
BPND using the SRTM (Lammertsma and Hume, 1996).   
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3.3.1. Statistical analysis 

Full-volume analysis (A) of the normalized and smoothed [11C]raclopride and 
[11C]carfentanil images was carried out with SPM12 using a two-sample Student’s 
t-test, while controlling for scanner type. The results were corrected for multiple 
comparisons in cluster level using false discovery rate (FDR) with significance level 
of p<0.05.  [11C]carfentanil analysis included the whole brain volume, whereas 
voxel-wise [11C]raclopride analysis was restricted to striatum, as BPND for this 
ligand can be reliably estimated only within this subregion (Svensson et al., 2019). 

Statistical analysis for the ROI data (B) was performed using R software (version 
3.5.1, The R foundation, Vienna, Austria) and linear mixed-effects models (LMMs), 
by including a random intercept to control for the potential differences between 
PET scanners. Before the LMM analysis, all BPND values were log-transformed to 
ensure normality. Normality of the model residuals was evaluated with the Shapiro-
Wilk test and checked visually with density and Q-Q plots. Homogeneity of variance 
was verified separately for both scanners with Levene´s test. The results were 
corrected for multiple comparisons using Holm’s method.  

1. We first tested for overall significant differences between the groups by 
including group as a fixed factor and participant, ROI and scanner type as 
random effects, allowing their intercepts to vary freely.  

2. As our primary interest with D2R availability was the striatum, the striatal ROIs 
were analyzed first separately and then together with the thalamus and 
amygdala ROIs (Svensson et al., 2019).  

3. We then set up post-hoc analysis for assessing group differences in each ROI 
separately, by specifying group as a fixed factor and scanner type as a random 
effect in LMM.  

4. The association between AQ scores and regional radioligand availability were 
analyzed with LMM, with AQ and age as a fixed factor and scanner type as a 
random effect.  

5. Associations between regional [11C]carfentanil and [11C] raclopride BPND were 
estimated using Pearson correlations. Group differences in the regional 
associations in D2R/MOR availability were tested using Fisher’s z-test. A 
standard neuroimaging tool for matrix correlations, Mantel’s test (Baldassarre 
et al., 2021; Glerean et al., 2016; Kheiri et al., 2013) was used to examine the 
similarity of the regional correlation structures of D2R/MOR availability 
between the groups. 

3.3.2. Meta-analysis 

To summarize the current data on striatal dopamine PET-imaging studies in ASD 
we conducted a meta-analysis (C). A PubMed search was conducted on Oct. 3rd, 
2023, using the keywords “autism spectrum disorder”, “PET”, “positron emission 
tomography” and “dopamine”. Moreover, a complementary search with Google 
Scholar was conducted to confirm that no studies were missing. Finally, we 
screened three of the latest review articles on the issue to ensure the full coverage 
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of our research (Kowalewska et al., 2022; Li et al., 2021; Tan et al., 2022). 
Altogether, we found nine potentially eligible articles (Ernst et al., 1997; Fernell et 
al., 1997; Kubota et al., 2020; Murayama et al., 2022; Nakamura et al., 2010; 
Nieminen-von Wendt et al., 2004; Schalbroeck et al., 2021b, 2021a; Zürcher et al., 
2021), but only six reported data on striatal ROIs. Two of these six articles used the 
same data, so only one of them was included. Together with our results presented 
here a total number of six articles were included in the meta-analysis. All the articles 
were evaluated by three independent researchers of our group for inclusion in the 
meta-analysis. There was only one previous study using [11C]raclopride tracer 
(Zürcher et al., 2021) measuring D2R availability, whereas the other studies used 
[18 F]FDOPA (Ernst et al., 1997; Nieminen-von Wendt et al., 2004; Schalbroeck et 
al., 2021b, 2021a) measuring presynaptic dopamine synthesis capacity or D1R 
binding [11 C]SCH23390 (Kubota et al., 2020) as tracers. As one of the articles 
presented the required data only in their supplemental figure and it was also not 
readily accessible from the authors, we used plot-digitizer tool to extract baseline 
values from the accessible figure (Zürcher et al., 2021). Based on reported striatal 
group means, standard deviations and sample sizes, we calculated the standardized 
mean difference (SMD, Cohen´s d) for each study and a pooled sample size 
weighted SMD with R software metafor package using the fixed and random effects 
approach.  

E. Summaries of the original studies 

1. Study I: Brain structural alterations in autism 
and criminal psychopathy 

The human social brain comprises of large-scale networks spanning all major brain 
lobes (Fernández et al., 2018; Henry et al., 2016). Psychopathy and autism 
spectrum disorder are both considered as developmental neuropsychiatric 
disorders of social cognition (De Brito et al., 2021a; Lord et al., 2022; Raine, 2018; 
Thapar et al., 2017). Despite the differences in the clinical profiles, both disorders 
are overpresented in high security forensic hospitals and share some of their clinical 
characteristics, comorbidities and genetic basis (Allely et al., 2017; De Brito et al., 
2021a; Hirota and King, 2023; Im, 2016; Jeandarme et al., 2022; King and Murphy, 
2014; Maguire et al., 2024; Murphy, 2020; Murphy et al., 2024; Reiss et al., 1999; 
Tiihonen et al., 2020).  

In Study I we used structural MRI to compare brains of 19 control, 20 ASD and 
19 violent offender participants with high psychopatic traits. We utilized VBM to 
compare the regional GMV between participants belonging to either of these study 
groups as well as a group of controls.   
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1.1. Results 

The pair-wise comparison revealed lower GMV in right temporal pole and left IFG 
of offender versus ASD group (Figure 7). In comparison with controls, both 
offender and ASD groups had lower GMV in the precentral cortex (Figure 8). 
Additionally, the ASD group had lower GMV in left precuneus, right culmen of 
vermis, and the right cerebellum areas compared to controls (Figure 7). The 
offender group in turn had lower GMV in the bilateral INS, left frontal pole, 
cingulate gyrus, left inferior temporal gyrus, and left fusiform cortex compared to 
controls (Figure 7). ROI-analyses revealed lower GMV of frontotemporal areas in 
psychopathy group compared to controls and ASD, but also confirmed the 
overlapping finding in the precentral cortex of both disorders compared to controls. 
ASD group did not present any significant differences in ROI-analyses compared to 
controls.  

 

Figure 7. A. Brain regions with lower GMV in Offender versus ASD group. The data is FDR-
thresholded at p < 0.01. Tpole = Temporal pole, IFGtriang = Inferior Frontal Gyrus, Triangular part 
B. Brain regions with lower GMV in ASD versus Controls. The data is FDR-thresholded at p < 0.01 
PreCG = Precentral Gyrus, PCUN = Precuneus, CE = Cerebellum C. Brain regions with lower GMV 
in Offenders vs Controls. The data is FDR-thresholded at p < 0.01 PreCG = Precentral Gyrus, Fpole 
= Frontal pole, INS = Insula, Cg = Cingulate Gyrus, ITG = Inferior Temporal Gyrus, TFUS = Temporal 
Fusiform Gyrus. The range from FDR correction to T-value of 4 is used for better visualization of the 
variance in the scale. 
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Figure 8. Overlapping (green) brain regions with lower GMV in ASD (red) and Offender groups 
(blue) compared to control group. The data is FDR-thresholded at p < 0.01. PreCG = Precentral 
Gyrus. The range from FDR correction to T-value of 4 is used for better visualization of the variance 
in the scale. For interpretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article. 

1.2. Conclusions 

The results demonstrated both distinct and overlapping patterns of structural brain 
alterations in psychopathy and ASD. Violent offenders exhibited significantly lower 
GMV in frontotemporal regions implicated in social cognition and emotional 
empathy compared with individuals with ASD. Compared to healthy controls 
offender group had widespread lower GMV in frontotemporal and INS areas, while 
ASD group presented lower GMV in the precuneus and cerebellum. In addition to 
these divergent patterns, both ASD and offender groups showed a shared GMV 
reductions in the precentral motor cortex relative to controls. This finding may 
relate to the shared motor empathy defects in both of the studied disorders. 

2. Study II: Aberrant motor contagion of emotions 
in psychopathy and high-functioning autism 

Emotional expressions enable the rapid communication of individuals’ internal 
states and goals to others. Observing emotional expressions in others may 
automatically engage correspondings behavioral and somatic representation of that 
emotional state in us trough emotional empathy, whereas cognitive empathy allows 
us to recognize and understand the emotional state of the other (Blair, 2005b; 
Dimberg and Thunberg, 1998; Gallese, 2007, 2003; Hatfield et al., 1993; Keysers et 
al., 2010; Niedenthal, 2007; Wild et al., 2001). Motor empathy in turn, refers to the 
automatic mimicry of others in social interaction (Blair, 2005a). ASD is associated 
to defects in cognitive empathy, whereas psychopathy is associated with 
aberrancies in emotional empathy (Maguire et al., 2024; Murphy et al., 2024). 

Study II compared brain basis of facial and vocal expression perception in ASD, 
psychopathy, and healthy controls. Twenty participans with ASD, 19 violent 
offender with high psychopatic traits and 19 age-matched controls were scanned 
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with fMRI during social perception of facial and vocal expressions to investigate the 
functional differences in the light of the clinical characteristics of these disorders. 
Face perseption task included dynamic faces with expression of happiness, anger 
and disgust, while the vocal task included laughter and crying expressions. 

2.1. Results 

The results revealed that psychopathy was associated with diminished BOLD 
activity in the motor cortices, cingulate cortex and precuneus to facial (happiness, 
anger, disgust) and vocal (laughter) emotional expressions in relation to healthy 
controls. The ROI-analyses indicated a similar effect in sensorimotor (M1, M2, S1, 
S2) and cingulate cortex (ACC, MCC) during laughter stimulus compared to 
controls (Figure 9 and 10).  

In the ASD participants, a similar but less saliently diminished response was 
observed in relation to laughter (motor cortex) and disgust (motor cortex, cingulate 
cortex, precuneus) compared to healthy controls. Joy also evoked weaker BOLD 
responses, but only in cingulate cortex (MCC, ACC) of ASD compared to controls. 
On the contrary, anger stimuli elicited an enhanced response in precuneus and PCC 
of ASD group compared to controls. The ROI analyses for ASD versus controls 
revealed an increased activation of PCC during anger stimulus (Figure 9 and 10). 

Direct comparisons between ASD and psychopathy revealed lower activation 
during laughter (precuneus), joy (motor cortex) and disgust stimuli (motor cortex, 
precuneus) for psychopathy versus ASD group. The anger stimulus elicited a global 
deactivation and lower activity compared controls in the psychopathy group as ASD 
presented an enhanced response compared to controls (precuneus, PCC). This 
effect was also found in the ROI-analyses with reduced activation of M1, S2, whole 
motor area, ACC, MCC, and PCC in the psychopathy versus ASD group. No 
between-groups differences were found for the crying stimulus (Figure 9 and 10). 
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Figure 9. Brain responses to happy faces and social laughter. A) Responses to happy faces and 
laughter separately for each group. Hot color indicates activation and cool color indicates 
deactivation. B) Between-group differences in response to happy faces and laughter. Data are 
thresholded at P < 0.05 with FDR cluster-level correction. CC = Cingulate cortex, S1 = primary 
somatosensory cortex, S2 = secondary somatosensory cortex, M1 = primary motor cortex, M2 = 
secondary motor area, and PreCu = precuneus. 

 

Figure 10. Brain responses to angry and disgusted faces. A) Responses to angry and disgusted 
faces separately for each group. B) Between-group differences in responses to angry and disgusted 
faces. Data are thresholded at P < 0.05 with FDR cluster-level correction. 
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2.2. Conclusions 

Psychopathy presented broadly abolished BOLD signal activation, which was lower 
compared to controls with all stimuli except crying. Similar but more selected and 
milder findings were seen in the ASD group. Both psychopathy and ASD were 
characterized by lowered motor cortex responses to laughter and disgust stimuli, 
whereas anger stimulus elicited contrasting responses from precuneus and PCC 
compared to controls. Joy stimulus caused a similar lowered response in both 
disorders, but was localized to the motor cortex, precuneus, cingulate cortex in the 
offender group and only to the cingulate cortex in the ASD group. There were no 
significant group differences related to crying stimulus. These findings may relate 
to deficient empathy processing in psychopathy and ASD. 

3. Study III: Aberrant type 2 dopamine and mu-
opioid receptor availability in autism spectrum 
disorder – Abnormal opioid-dopamine 
interaction in autism 

The neurochemical basis of ASD is poorly understood, but previous animal and 
human studies indicate that neurotransmitters dopamine and endogenous opioids 
could play a putative role given their involvement in socioemotional processing 
(Clements et al., 2018; Dichter et al., 2012; Fuccillo, 2016; Kohls et al., 2012; Kosillo 
and Bateup, 2021; Kyte et al., 2020; Machin and Dunbar, 2011; Oddi et al., 2013; 
Pavăl and Miclutia, 2021; Pellissier et al., 2018; Tan et al., 2022; Zürcher et al., 
2015).  

PET-imaging was performed in 16 ASD and 24 control participants to measure 
D2R availability using radioligand [11C]raclopride and MOR availability using 
radioligand  [11C]carfentanil tracers. Since the there are only few PET-imaging 
studies on dopamine system functioning in ASD with heterogenous methods and 
results, the previous striatal dopamine PET-imaging findings were summarized as 
a meta-analysis to elaborate interpretation of our results in Study III.  

3.1. Results 

Whole brain voxel-wise analysis did not reveal any group differences for D2R, but 
ROI-analysis revealed decreased striatal availability in ASD. Post hoc analysis 
revealed reduced availability in NAcc and globus pallidus of ASD group compared 
to controls (Figure 11). Whole brain voxel-wise analysis for MOR revealed higher 
availability in precuneus/cuneus and post hoc ROI–analysis revealed lower 
availability of MOR in hippocampi of the ASD versus control group (Figure 11). 
There was also a significantly weaker regional correlation between D2R and MOR 
availability in amygdala and NAcc of ASD group compared to controls (Figure 12). 
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The meta-analysis presented a small and heterogenous overall effect of decreased 
dopamine tracer binding in striatum of ASD compared to controls.  
 

 
Figure 11. Group-wise binding potentials of [11C]raclopride and [11C]carfentanil BPND in the 
predefined ROIs. The blue and red boxes mark the 2nd and 3rd quartiles, with the crossline marking 
the median of the data. Upper and lower whiskers mark 1.5 interquartile ranges from the box. Data 
with the two different scanners is marked with circles (Discovery 690) and triangles (Discovery VCT). 
Significant post hoc differences between the groups are marked with an asterisk. NAcc = Nucleus 
Accumbens, rACC = rostral anterior cingulate cortex, dACC = dorsal anterior cingulate cortex, OFC 
= orbitorfrontal cortex, PCC = posterior cingulate cortex, GP = globus pallidus. 

 

 
Figure 12. Matrices showing interregional Pearson correlations between [11C]carfentanil (rows) and 
[11C]raclopride (columns) BPND in the control and ASD groups. Significant correlations are marked 
with boldface and asterisk. 
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3.2. Conclusions 

ASD is associated with reduced striatal D2R availability and disrupted interaction 
between dopaminergic and opioid neurotransmitter systems. These findings may 
relate to deficient social motivation, reward and pain processing in ASD. 
Additionally, the study demonstrated preliminary findings of aberrant MOR 
availability in the cuneus/precuneus and hippocampus areas in ASD compared to 
controls that could possibly be linked altered opioidergic modulation of the 
mentalizing network in ASD.  

F. Discussion 
This thesis presents multimodal comparison of the structural, functional and 
molecular neural mechanisms behind ASD and psychopathy. We found similar 
structural and functional deficits in the motor cortex of both disorders, which may 
relate to reduced motor simulation, motor empathy and emotional contagion. In 
contrast, psychopathy was associated with structural deficits in the frontotemporal 
areas related to emotional empathy and more prominent functional deficits in 
empathy processing areas compared to ASD. Furthermore, the perception of anger 
elicited differential responses in the mentalizing network in ASD and psychopathy, 
suggesting contrasting emotional processing in these disorders. Moreover, ASD was 
associated with lower dopamine 2 receptor binding in the striatum with additional 
uncoupling to the opioid system. These findings may reflect a dysfunctional social 
motivation, reward and pain mechanisms in ASD.  

1. Impaired empathy mechanisms as a unifying 
factor for psychopathy and ASD  

Anatomical aberrancies of the motor cortex and deficient motor functioning are 
early signs of ASD and work also as a predictor of outcome in this disorder (Eigsti, 
2013; Fournier et al., 2010; Mosconi et al., 2006; Mosconi and Sweeney, 2015; 
Mostofsky et al., 2007; Nebel et al., 2014, 2012; Riddle et al., 2017). There are also 
some findings indicating poor motor control and deficits of the motor cortex in 
psychopathy and conduct disorder (De Brito et al., 2019, 2021b; Murphy, 2007; 
Robinson and Bresin, 2014; Tillem et al., 2019). Our structural MRI finding 
showing shared motor cortex defect in psychopathy and ASD could be related to the 
similarities in aberrant motor functioning, but even more evidently to similarities 
in higher-order social cognition aspects such as motor simulation and motor 
empathy (Bhattacharjee et al., 2021; Bons et al., 2013; Carnevali et al., 2024; Eigsti, 
2013; Helt et al., 2021; Khvatskaya and Lenzenweger, 2016; Mier et al., 2014; 
Tomasino and Gremese, 2016). This relation to deficient motor empathy and motor 
simulation is further supported with our findings indicating weaker fMRI activity 
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in the motor cortex during laughter and disgust perception in both psychopathy and 
ASD (Caspers et al., 2010; Gallese, 2003; Niedenthal, 2007; Tomasino and 
Gremese, 2016).  

Lower GMV in the offender versus ASD group in the right temporal pole and left 
IFG areas might relate to emotional empathy which aligns with the clinical findings 
of emotional empathy deficits in psychopathy, but not in ASD (Leigh et al., 2013; 
Maguire et al., 2024; Murphy et al., 2024; Sato and Uono, 2019). Moreover, the 
ROI analyses suggested even broader involvement of the frontotemporal areas 
related to social cognition and empathy in psychopathy compared to ASD 
(Hogeveen et al., 2016; Leigh et al., 2013; Shamay-Tsoory et al., 2009). 

The lower BOLD responses to disgust, joy, anger and laughter stimuli in 
sensorimotor cortex and cingulate cortex, may reflect a broader deficiency of 
empathy mechanisms in psychopathy compared to ASD (Dimberg and Thunberg, 
1998; Gallese, 2003; Hatfield et al., 1993; Mier et al., 2014; Niedenthal, 2007; Wild 
et al., 2001). The sensorimotor and cingulate cortices are critically involved in social 
perception and together with INS they contribute to embodied simulation and 
emotional contagion (Arioli and Canessa, 2019; Caspers et al., 2010; Fusar-Poli et 
al., 2009; Gallese, 2007; Hogeveen et al., 2016; Keysers et al., 2010; Mende-
Siedlecki et al., 2013; Niedenthal, 2007; Tomasino and Gremese, 2016). Embodied 
simulation and emotional contagion refer to the automatic process of recreating 
other´s actions, sensations and emotions in observers own central nervous system 
and are closely related to emotional and motor empathy (Blair, 2005a; Gallese, 
2007, 2003; Hatfield et al., 1993; Keysers et al., 2010; Niedenthal, 2007; 
Nummenmaa et al., 2008; Oliver et al., 2018; Tomasino and Gremese, 2016). Meta-
analyses of previous studies on psychopathy have found lower activation of ACC in 
face processing tasks, but no alterations in sensorimotor cortex (Penagos-Corzo et 
al., 2022).  

Findings in ASD group are indicative of similar but less severely disrupted 
contagion and embodiment of emotions, particularly for disgust and laughter 
stimuli. The lowered activation for happy stimuli in ACC and MCC suggests further 
dysfunction of empathy related areas in ASD group compared to controls but milder 
than in the offender group (Arioli et al., 2021a; Fan et al., 2011). fMRI meta-
analyses of ASD and face processing have previously presented a lower activation 
of the cingulate cortex, but higher activation in the precuneus and no group 
differences in the motor cortex (Di Martino et al., 2009; Patriquin et al., 2016).  

Previous studies have found impairments in the embodied simulation of 
emotions and actions in ASD, but also in psychopathy (Eigsti, 2013; Mier et al., 
2014). Motor empathy and automatic mimicry are impaired in both ASD and 
psychopathy, and closely relate to emotional contagion and embodied simulation 
(Ayache et al., 2025; Bons et al., 2013; Eigsti, 2013; Harmsen, 2019; Helt et al., 
2021; Khvatskaya and Lenzenweger, 2016; McIntosh et al., 2006; Mier et al., 2014; 
Oberman et al., 2009). Subjects with ASD and psychopathy had lower activation in 
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general areas of empathy processing (ACC) and cognitive empathy (MCC), rather 
than in areas involved in emotional empathy (Arioli et al., 2021a, 2021b; Chen et 
al., 2022; Fallon et al., 2020; Fan et al., 2011; Nummenmaa et al., 2008; Oliver et 
al., 2018).  

In contrast to our structural findings, the fMRI results do not support a clear 
dissociation of impaired emotional empathy in psychopathy and impaired cognitive 
empathy in autism spectrum disorder (ASD), but instead indicate a more general 
disruption of empathy-related networks in both conditions. Additionally, and 
contrary to expectations, both disorders presented also aberrancies in ToM 
processing related areas, namely the precuneus and PCC (Mars et al., 2012; 
Schilbach et al., 2008). 

2. Dysfunctional social reward, motivation and 
pain in the atypical development of empathy in 
ASD 

Animal and human studies have suggested that dopamine dysregulation is related 
to the dysfunction of the social motivation and reward system in ASD (Chevallier et 
al., 2012; Clements et al., 2018; Kohls et al., 2012; Pavăl, 2017; Tan et al., 2022; 
Zürcher et al., 2015). In light of these previous theories and findings, our PET-
imaging results of lower striatal dopamine 2 receptor availability may reflect 
aberrant social motivation and reward function in ASD, but possibly also broader 
dysfunction of the reward system.  

Animal studies have suggested an interregulatory relationship between 
dopamine and opioid systems, which is also manifested as a positive correlation 
between dopamine synthesis and MOR binding in human PET-studies (Colasanti 
et al., 2012; Escobar et al., 2020; Majuri et al., 2018; Margolis et al., 2014; Mick et 
al., 2014; Rada et al., 2010; Wiskerke et al., 2011). In line with these suggestions, a 
strong correlation between [11C]raclopride and [11C]carfentanil binding was 
observed in the control group. However, similar correlation between the receptor 
systems in the ASD was only found in the thalamus. The regional correlation of 
MOR and D2R binding was significantly stronger in the amygdala and NAcc of the 
control group compared to ASD.  Along with dopamine, also endogenous opioids 
are associated with modulation of social motivation and reward, whereas NAcc is 
considered as an essential brain region for the interaction between these two 
neurotransmitter systems (Chelnokova et al., 2014; Kohls et al., 2012; Loseth et al., 
2014; Vanderschuren et al., 2016).   

Pain sensation modulation is also linked with dopamine and opioid systems in 
NAcc (Hagelberg et al., 2002; Harris and Peng, 2020). While sensory abnormalities 
are central to ASD, studies to date have provided only limited information on pain 
modulation in ASD (Bogdanova et al., 2022). Social pain refers to the distressing 
emotional experience that follows social rejection or loss and shares its neural basis 
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with physical pain (Cacioppo et al., 2011; Eisenberger, 2012; MacDonald and Leary, 
2005). Both sensory and social pain are modulated by the endogenous opioid 
system and their sensitivities have been shown to be related (Eisenberger, 2012; 
Hsu et al., 2013; Kyte et al., 2020; Machin and Dunbar, 2011). There is also an 
overlap between the brain areas related to pain and empathy with connections also 
to NAcc and opioidergic modulation (Bernhardt and Singer, 2012; Fallon et al., 
2020; Timmers et al., 2018). In addition to social motivation and reward, our PET-
imaging finding may be related to atypical experiencing of social pain in ASD.  

Since social impairments are present also in other neuropsychiatric disorders, 
the present findings of dopaminergic dysfunction may not be specific to ASD 
(Fernandes et al., 2018; Green et al., 2015; Huey et al., 2006; Magno et al., 2022; 
Plavén-Sigray et al., 2022; Schilbach, 2016). For instance, impairments in social 
cognition are present in schizophrenia, which has been associated with lower 
dopamine receptor availability in the thalamus (Fernandes et al., 2018; Green et al., 
2015; Plavén-Sigray et al., 2022). Interestingly, Lukkarinen et al. found lower 
striatal D2R availability in violent offenders versus controls (Lukkarinen et al., 
2024). Together with this finding, our results may reflect the tendency for impulsive 
aggressive behavior also in ASD (Buckholtz et al., 2010b; Burghart et al., 2024; De 
Brito et al., 2021a; Hill et al., 2014; Jambroes et al., 2018; Kanne and Mazurek, 
2011; Schlüter et al., 2013; Seo et al., 2008; Tonizzi et al., 2022; Volkow et al., 
2009).  

In our fMRI study, anger elicited increased activation of PCC and precuneus in 
ASD, but these areas showed decreased activation in psychopathy compared to 
controls. Fears and phobias are more prevalent in ASD than in typically developing 
children (Lydon et al., 2015), whereas fearlessness and low responsiveness to threat 
are characteristic to psychopathy (Dugré et al., 2020; Maguire et al., 2024). Our 
finding suggests hypersensitivity to a threatening stimuli of angry faces in ASD, as 
demonstrated by a previous study (Krysko and Rutherford, 2009), whereas 
psychopathy showed evidence of hyposensitivity to expressions of anger. These 
disorder specific atypical responses in the areas of task-negative DMN could reflect 
dysfunctional emotional processing and ToM related to fear in ASD and 
psychopathy (Padmanabhan et al., 2017; Smitha et al., 2017; Sreenivas et al., 2012). 
These findings may also reflect the differences in reactive and proactive aggression 
with ASD and psychopathy (De Brito et al., 2021a; Jambroes et al., 2018; Kirst et 
al., 2022; Oubrahim and Combalbert, 2021; Pouw et al., 2013).  

In sum, our data suggest that ASD and psychopathy share structural and 
functional deficits in the motor cortex that are possibly related to empathy, and 
more specifically to emotional contagion and embodied simulation (Blair, 2005a; 
Gallese, 2007; Hatfield et al., 1993; Niedenthal, 2007; Tomasino and Gremese, 
2016). We found structural deficits of emotional empathy brain areas in 
psychopathy compared to ASD, but our fMRI findings do not support the idea of 
fine cut distinction between emotional and cognitive empathy impairments in these 
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disorders (Fan et al., 2011; Leigh et al., 2013; Sato and Uono, 2019). However, our 
results suggest a more severely impaired structural and functional mechanisms of 
empathy in psychopathy compared to ASD (Arioli et al., 2021a; Chen et al., 2022; 
Fallon et al., 2020; Fan et al., 2011; Hogeveen et al., 2016; Leigh et al., 2013; 
Shamay-Tsoory et al., 2009).  

Additionally, ASD was associated with reduced striatal dopamine 2 receptor 
availability with altered opioidergic connection suggesting an aberrant functioning 
of the social motivation, reward and pain mechanisms (Bernhardt and Singer, 2012; 
Chevallier et al., 2012; Clements et al., 2018; Kohls et al., 2012). Empathy is 
motivated behavior and modulates the rewarding value of social interaction, such 
as mimicry (Ferguson et al., 2020; Gossen et al., 2014; Hsu et al., 2018b; Neufeld 
and Chakrabarti, 2016; Sims et al., 2012; Weisz and Zaki, 2018). In ASD the socially 
rewarding effect of mimicry and being imitated is impaired (Hsu et al., 2018a; 
Neufeld et al., 2019). The dysfunctional dopaminergic and opioidergic 
neurotransmitter mechanisms may maintain a vicious circle of reduced social 
reward resulting in lack of motivation for empathetic engagement, leading again to 
more reduced social reward (Gossen et al., 2014; Hsu et al., 2018b; Neufeld and 
Chakrabarti, 2016; Weisz and Zaki, 2018). These mechanisms may further lead to 
atypical development of the underlying neural systems of empathy in ASD.  

Similarities between aberrant striatal dopamine 2 receptor binding in ASD and 
psychopathy may suggest shared neurotransmitter mechanisms potentially 
associated with social reward and motivation but also with impulsive aggression 
(Buckholtz et al., 2010a; Foulkes et al., 2014a, 2014b; Glenn and Yang, 2012; 
Lukkarinen et al., 2024). Despite the established genetic links between psychopathy 
and ASD, these overlapping anatomical, functional and neurochemical 
mechanisms most likely reflect different kind of aberrant developmental 
trajectories and neuropathological etiologies leading to these contrasting 
phenotypes of social cognition disorders (Anderson and Kiehl, 2014; Beopoulos et 
al., 2022; Eric Courchesne et al., 2011; Gao et al., 2009; Gur, 2005; Junewicz and 
Billick, 2020; Lord et al., 2020; Oostermeijer et al., 2016; Raine et al., 2003; 
Tiihonen et al., 2020; Yang et al., 2015). Differences in the dopamine dysregulation, 
and how it is connected to impaired empathy in psychopathy and ASD, could 
possibly explain these differences in the phenotypes. However, further 
investigation is needed. 

3. Clinical implications 
Automatic mimicry and deliberate imitation are essential for the development of 
human empathy and involve the same brain areas (Benuzzi et al., 2023; Braadbaart 
et al., 2014; Carr et al., 2003; Coplan and Goldie, 2011; Hatfield et al., 1993; Holland 
et al., 2021; Iacoboni, 2009; Niedenthal, 2007; Prochazkova and Kret, 2017). 
Therapeutic approaches utilizing imitation to promote mimicry and prosocial 
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behavior in ASD have been studied for several decades with good results (DeJesus 
et al., 2020; Ingersoll et al., 2017; Krupicz, 2014; Ta and Mj, 2011). However, there 
are only few studies on the applicability of these approaches in therapeutic 
treatment of psychopathy and callous unemotional traits, but the results have been 
promising (Dadds et al., 2012; Kimonis et al., 2019; Kyranides et al., 2023). Based 
on our findings, further research on the use of imitative therapeutic techniques as 
an early intervention to promote prosocial behavior trough emotional and motor 
empathy in both disorders is warranted.  

Impaired empathy processing may constitute a predisposing factor to aggressive 
behavior in people with ASD and psychopathy (Pouw et al., 2013; Romero-Martínez 
et al., 2022; Winter et al., 2017). We found that psychopathy was associated with 
more prominent structural and functional impairments especially in the brain areas 
related to emotional empathy, which may explain the more antisocial and violent 
phenotype in psychopathy versus to ASD. Reactive aggression is positively 
correlated with affective empathy in ASD and promoting cognitive empathy is even 
more important in reducing aggressive behavior in this population, but the research 
in this area is still scarce (Dandil et al., 2020; Pouw et al., 2013).  

Our PET data provided evidence on dopaminergic but also opioidergic 
dysregulation, which may relate to impaired social motivation, reward and pain 
mechanisms in ASD (Chevallier et al., 2012; Clements et al., 2018; Kohls et al., 
2012; Kyte et al., 2020; Machin and Dunbar, 2011; Pavăl and Miclutia, 2021). Since 
reduced [11C]raclopride BPND and D2R availability can reflect either hypo- (low 
receptor density) or hyperdopaminergic tone (high endogenous agonists 
occupancy), the exact mechanisms for possible pharmacologic interventions to 
treat ASD symptoms cannot be determined based on the present  findings (Innis et 
al., 2007; Laruelle, 2000a, 2000b; Walker, 2008). However, the ASD core 
symptoms have been associated to both hypo- and hyperdopaminergic alterations 
in animals and humans (Blum et al., 2024; Kosillo and Bateup, 2021; Pavăl, 2017; 
Pavăl and Miclutia, 2021). In addition, it has been proposed that social and sensory 
defects would be related to dysfunction of the mesocorticolimbic dopaminergic 
circuit, while restricted repetitive behavior would relate to nigrostriatal 
dopaminergic circuit (Blum et al., 2024; Kosillo and Bateup, 2021; Pavăl, 2017; 
Pavăl and Miclutia, 2021).  

Dopamine is also one of the key neurotransmitters behind aggressive behavior 
comorbid in ASD (Hill et al., 2014; Kanne and Mazurek, 2011; Narvaes and Martins 
de Almeida, 2014; Padilla-Coreano and Martínez-Rivera, 2025; Seo et al., 2008). 
Antipsychotic dopamine antagonists and opioid antagonists alleviate hyperactivity, 
irritability and restricted repetitive behavior in ASD but may have negative effect 
on social motivation (Costello et al., 2024; Deb et al., 2023; Meza et al., 2022). A 
meta-analysis has revealed risperidone and aripiprazole as the most effective 
antipsychotics in the treatment of aggression in ASD (Fung et al., 2016). 
Dopaminergic stimulant medication and dopamine agonists restore motivation in 
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neurodegenerative disorders and schizophrenia and acute low doses of stimulant 
drugs are shown to enhance the value of social rewards in neurotypical adults, but 
they are linked with aggressive social behavior and their effects on the core 
symptoms of ASD are largely unknown (Barnard-Brak et al., 2016; Bershad and de 
Wit, 2025; Costello et al., 2024; Maoz et al., 2014; Osugo et al., 2022; Seo et al., 
2008). Overall, the relationship between dopamine and symptoms of ASD appears 
to be multifaceted but may be explained by a more global dysregulation of 
dopaminergic systems. 

Opioid antagonists may also alleviate hyperactivity and restlessness in ASD, but 
they have a negative effect on social reward (Inagaki et al., 2020; Løseth et al., 2024; 
Roy et al., 2015; Wardle et al., 2016). Acute administration of opioid agonists in 
turn reduces responses to negative facial expressions such as anger and feelings of 
social rejection and increase the value of social reward in humans (Bershad and de 
Wit, 2025). Relatedly, clinical studies have shown that opiate addicts in 
maintenance treatment in turn display deficits in social inference, emotion 
recognition and ToM (Eidenmueller et al., 2021; Gandolphe et al., 2018; McDonald 
et al., 2013; Yazgeç et al., 2023).  

The novel dopamine partial agonists offer a promising means for treating 
dopamine dysregulation, as they are proposed to stabilize the dopaminergic tone 
trough their effect on post synaptic and presynaptic dopamine receptors (Mandic-
Maravic et al., 2022; Stahl, 2001). Additionally, these dopamine system stabilizers 
decrease negative symptoms of schizophrenia, which significantly overlap with the 
social symptoms of ASD, including social motivation and reward (Mandic-Maravic 
et al., 2022; Osugo et al., 2022; Trevisan et al., 2020). Despite their good tolerability 
and their promising mechanisms to treat dopamine dysregulation, there are 
currently only studies on aripiprazole to treat the behavioral symptoms of ASD 
(Mandic-Maravic et al., 2022; Mohr et al., 2022).  

Oxytocin modulates social motivation and reward through its effect on 
dopaminergic and opioidergic circuits and its exogenous administration has been 
found to enhance social cognition in healthy adults (Dal Monte et al., 2025; Keech 
et al., 2018; MacDonald and MacDonald, 2010; Stavropoulos and Carver, 2013; 
Walsh et al., 2023). However, the effects of oxytocin on social cognition in ASD have 
thus far been modest and mixed (Audunsdottir et al., 2024; Huang et al., 2021; 
Keech et al., 2018). The dopaminergic and opioidergic dysregulation may possibly 
modify the effect of oxytocin in ASD and explain these surprisingly poor results, but 
further investigation is needed on this issue.  

Based on our results and current scientific literature, more research is still 
needed on the effects of dopaminergic medication (stimulants, dopamine agonists, 
dopamine partial agonists) to social cognition in promoting prosocial behavior in 
ASD. Additionally, there is a need for research on the possible positive effect of 
novel dopamine receptor partial agonists (cariprazine and brexpipratzole) to 
repetitive and aggressive behavior in ASD. 
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4. Strenghts and limitations 
There are only few previous imaging studies comparing psychopathy and ASD and 
our multimodal imaging work shed important novel insights on their relationship. 
In contrast with many other studies, we managed to collect a clinical sample of 
individuals with ASD and psychopathy and did not study the traits in neurotypical 
population like previous studies. Additionally, our Study III is first multi-ligand 
study measuring the dopamine and opioid systems and their relations in ASD. 
However, since our studies were cross-sectional and restricted to adults, no causal 
links between our findings and clinical symptoms associated with these disorders 
can be established and longitudinal studies are needed.  

Despite the limited sample size, we established robust group differences and 
correlations to the symptoms of psychopathy and ASD. The participants were 
matched by their age and sex, but there was statistical differences in their 
educational background between groups. Lower intellectual ability is a possible 
confounding factor in ASD and psychopathy and a formal evaluation of IQ in the 
future studies is recommended (Elsabbagh et al., 2012; Sánchez De Ribera et al., 
2019). As we included only male participants, our results do not represent ASD and 
psychopathy population as a whole and more studies on women are needed (Lai et 
al., 2015; Tully et al., 2023b).  

Even though the offenders were recruited from a strictly controlled prison 
environment and there was no evidence of current alcohol or drug abuse in our 
thorough clinical testing for any participants, the more prevalent abuse history in 
the offender group is a possible confounding factor in Studies I and II. Additionally, 
the use of psychoactive medicine could not be totally limited in any of the studies 
and has to be considered as a possible confounding factor especially for the 
functional and neurotransmitter measurements (Bonhomme and Esposito, 1998; 
H. Roder et al., 2010; Wandschneider and Koepp, 2016). However, we managed to 
control the use of most confounding dopaminergic and opioidergic medications in 
the ASD group for the Study III.    

We were able to compare the interpersonal/affective and lifestyle/antisocial 
factors of psychopathy with PCL-R measures in the offender group, but a 
comparative non-psychopatic forensic sample would be ideal for determining the 
effects of psychopathy from the mere antisocial personality disorder effect on the 
results (Raine, 2018).  Although the comorbidity of psychopathy and ASD is 
possible we did not execute a formal ADOS-2 and PCL-R evaluations across the 
groups, but only measured their traits with relatively unreliable self-report 
questionnaires (Kelsey et al., 2015; Maguire et al., 2024; Murphy et al., 2024; 
Rogers et al., 2006; Wigham et al., 2019). However, there was only one offender 
participant who had high autism traits but without clinically relevant ASD 
symptoms in our sample. In addition to considering criminal autistic psychopathy 
as a possible confounding factor, the more formal diagnostics of these disorders 
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across the sample could also serve further research on this unexplored territory 
(Maguire et al., 2024; Murphy et al., 2024). Additionally, behavioral measurement 
of emotional/cognitive empathy, reactive/proactive aggression, and alexithymia 
across the study groups would have helped the clinical interpretation of the 
neuroimaging results (Ayache et al., 2025; Baron-Cohen and Wheelwright, 2004; 
Bird and Viding, 2014; Brugman et al., 2017; Davis, 2011; De Brito et al., 2021a; 
Franz et al., 2021; Leising et al., 2009; Lockwood et al., 2013; Maguire et al., 2024; 
Pouw et al., 2013). 

In the light of our results, measuring spontaneous automatic mimicry with EMG 
simultaneously with the fMRI tasks, would have been a beneficial additional 
method to study the imitative and motor empathy aspects of emotional contagion 
and embodied simulation in these disorders (McIntosh et al., 2006; Oberman et al., 
2009).  

Since [11C]raclopride binds to D2R/D3R and [11C]carfentanil binds specifically 
to MOR, our results cannot reveal the role of other dopamine and opioid receptor 
types (e.g. D1R, DOR, KOR). in psychopathy and autism. For example, D1R and 
D2R play opposing roles in reward and aversive learning and comparing their 
availability in ASD and psychopathy might be enlightening in the future studies 
(Blair et al., 2004; Cox et al., 2015; Schuetze et al., 2017; Soares-Cunha et al., 2016). 
Additionally, [11C]raclopride measures receptor availability reliably only in the 
striatum and presents no relevant information of the extra-striatal dopaminergic 
aberrancies also presented in ASD (Murayama et al., 2022; Svensson et al., 2019). 
Finally, our single baseline scans reflect predominantly tonic receptor availabilities 
and do not reveal any precise dopaminergic or opioidergic neurotransmitter 
mechanisms behind them (e.g. postsynaptic/presynaptic, hypo-
/hyperdopaminergic or opioidergic function) (Alakurtti et al., 2015; Hirvonen et al., 
2009; Laruelle, 2000b). Comparing basal and phasic task-related availabilities 
would provide more detailed functional information of these neurotransmitter 
systems and their interaction in ASD, but also in psychopathy.    

The use of two different PET-scanner in Study III may contribute to data 
variability and influence the results. However, we attempted to statistically control 
these differences by modelling a random intercept for each scanner. Due to the 
heterogenous methodology in the included studies, our meta-analysis provides only 
a general overview on the striatal dopaminergic aberrancies in ASD.  

G. Conclusions and future perspectives 
1. ASD and psychopathy are both associated with structural and functional 

changes in the motor areas, possibly reflecting the dysfunctional embodied 
simulation and emotional contagion of empathy processing. These impairments 
were more prominent in psychopathy. 

2. Frontotemporal structural aberrancies in the brain areas related to social 
cognition and emotional empathy differentiate psychopathy from ASD. 
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3. Cerebral processing of anger differs between psychopathy and ASD possibly in 
relation to their differences in mentalizing processes.  

4.  ASD is associated with striatal dopaminergic dysregulation with altered 
endogenous opioid system interaction. This finding could reflect dysfunctional 
social motivation, reward and pain leading to reduced empathy responses and 
maldevelopment of the underlying brain mechanisms. 

Future longitudinal neuroimaging studies are required to define the developmental 
aspects of psychopathy and ASD. Developmental trajectory of ASD has been 
recently mapped in detail, but comparable research in conduct disorder and 
psychopathy has been more limited (Boedhoe et al., 2020; Eric Courchesne et al., 
2011; Oostermeijer et al., 2016; Van Rooij et al., 2018; Yang et al., 2015). Imaging 
studies in the early childhood with long follow up times might help in delineating 
the pathoetiological neural mechanisms behind the origin of these disorders. 
Comparative imaging studies with children and adolescents with callous 
unemotional or autistic traits might also be beneficial in studying the altered 
developmental trajectories of social cognition (Klapwijk et al., 2016; O’Nions et al., 
2014).  

Comparing autism and psychopathy using fMRI in more naturalistic social 
simulations tasks, such as movie viewing or mentalizing/empathy tasks, could be 
useful in finding clinical relevance to the differing empathy impairments (Lenzen 
et al., 2021; Nummenmaa et al., 2021; Philip et al., 2012; Schulte-Rüther et al., 
2011; Sugranyes et al., 2011; Tholen et al., 2020; Winter et al., 2017). Considering 
current literature and our contrasting findings related to DMN, a comparative 
connectivity analysis with rs-fMRI imaging could provide important information 
on the differences of ToM processing in psychopathy and ASD (Cohn et al., 2015; 
Espinoza et al., 2019; Lau et al., 2020, 2019; Philippi et al., 2015; Umbach and 
Tottenham, 2021; Wang et al., 2021; W. Wang et al., 2018; Winters et al., 2021). 

PET imaging and fMRI combined with pharmacological challenges using 
dopamine and opioid antagonists or stimulants in studying dopamine and opioid 
systems and their dysfunctional inter-regulation, would give a more profound 
understanding on the possibly treatable mechanisms behind ASD symptoms (Dal 
Monte et al., 2025; Drevets et al., 2001; Fathabadipour et al., 2022; Massaccesi et 
al., 2024; Tully et al., 2023c; Zürcher et al., 2021). A direct PET-imaging 
comparison between psychopathy and ASD with different dopamine tracers (D2R, 
D1R, FDOPA, DAT) might be useful in defining more precise and disorder specific 
dysregulatory mechanisms for possible treatment targets in both disorders. Finally, 
combining dopamine tracer PET-imaging and fMRI during mentalizing/empathy 
tasks may clarify the connections between empathy and reward systems in these 
phenotypically contrasting disorders, but also in neurotypical. 
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A B S T R A C T   

The goal of this study was to elucidate the anatomical brain basis of social cognition through two disorders with 
distinctively different phenotypes of social interaction. We compared structural MR images of 20 individuals 
with autism spectrum disorder (ASD), 19 violent offenders with high psychopathic traits, and 19 control par
ticipants using voxel-based morphometry (VBM). Our earlier study showed lower grey matter volume (GMV) 
values in the insula, frontal cortex, and sensorimotor cortex of the offender group compared to controls. In the 
present study, the images of the ASD group revealed lower GMV in the left precuneus, right cerebellum, and right 
precentral gyrus in comparison with controls. The comparison between the offender and ASD groups showed 
lower GMV values for the right temporal pole and left inferior frontal gyrus in the offender group. There was also 
an overlap of both disorders in the right pre-central cortex, showing lower GMV compared to controls. Our 
findings suggest structural differences between violent offenders with high psychopathy traits and ASD in
dividuals in the frontotemporal social brain network areas, previously associated with empathy. We also provide 
evidence of similar abnormal structures in the motor cortex for both of these disorders, possibly related to uniting 
issues of social cognition.   

1. Introduction 

Brain networks for human social processing encompass large-scale 
circuits across all cerebral lobes, the cerebellum, and subcortical areas, 
such as the striatum and amygdala (Amodio and Frith, 2006; Fernández 
et al., 2018; Sato and Uono, 2019; Van Overwalle et al., 2015). The 
somatosensory areas and the inferior occipital gyrus (IOG), fusiform 
gyrus (FG), and superior temporal sulcus (STS) are involved, for 
instance, in recognizing and interpreting different socially relevant cues 

(Fernández et al., 2018; Lahnakoski et al., 2012; Nummenmaa and 
Calder, 2009; Sato and Uono, 2019). The posterior STS and temporo- 
parietal junction (TPJ), along with the temporal poles and several 
areas of the prefrontal cortex (PFC), are involved in reading others’ 
thoughts (theory of mind), mentalizing, and empathy (Amodio and 
Frith, 2006; Blakemore, 2012). The inferior frontal gyrus (IFG) has been 
linked with emotional empathy and the ability to understand and 
resonate with the actions of others, and it is functionally connected with 
STS and the inferior parietal lobule (IPL) (Fitzgerald, 2019; Sato and 
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Uono, 2019). In turn, the ventromedial prefrontal cortex is considered to 
be involved in the cognitive component of empathy (Fitzgerald, 2019). 
Autism and psychopathy are two distinctively different disorders 
involving aberrant socioemotional processing, and structural and func
tional alterations in the brain networks that support these functions 
(Sato and Uono, 2019). However, the exact differences in the brain 
networks across these two disorders remain unknown. 

1.1. Abnormalities in frontotemporal, parietal and cerebellar areas of 
ASD 

Autism spectrum disorder (ASD) is a heterogenous neuro
developmental disorder with impairments in various social cognitive 
functions. According to DSM-5, the core features of ASD are: A) persis
tent deficits in social communication and social interaction B) restricted, 
repetitive patterns of behavior, interests, or activities. The cerebral 
anatomical findings in ASD have been heterogenous with a limited 
number of consistent abnormalities (Ecker et al., 2013; Pagnozzi et al., 
2018; Riddle et al., 2017). One prominent neuropathologic theory 
suggests that anatomic abnormalities in ASD are age-specific (Courch
esne et al., 2007; Courchesne et al., 2011a; Courchesne et al., 2011b; 
Courchesne and Pierce, 2005; Ecker et al., 2013; Zielinski et al., 2014). 
The brain undergoes a period of precocious growth in the early postnatal 
life of ASD individuals. This is followed by decreased or paused age- 
related brain growth, so that in later childhood and adolescence there 
are no differences in total brain volume compared to neurotypical in
dividuals. Moreover, later on in adulthood and older age, there seems to 
be an acceleration in age-related brain degeneration. This theory has 
been supported by findings in longitudinal and cross-sectional MRI 
studies (Courchesne et al., 2011a; Courchesne et al., 2011b) While the 
early overgrowth found in volumetric MRI-studies of ASD pertains 
mostly to the frontal and temporal lobes (Amaral et al., 2008; Carper and 
Courchesne, 2005; Pagnozzi et al., 2018; Riddle et al., 2017), the 
abnormal age-related degeneration is also region-specific but focused 
more in the temporal and parietal lobes (Braden and Riecken, 2019; 
Wallace et al., 2010). MRI and post-mortem studies also support a 
similar abnormal growth trajectory in the cerebellum, but with the 
exception of life-long hypoplasia in the vermis areas (Amaral et al., 
2008; Pagnozzi et al., 2018). The cerebellum has traditionally been 
viewed as related to motor functions, but recent studies have also 
demonstrated its role in social cognition (Moreno-Rius, 2019; Schmah
mann, 2019; Van Overwalle et al., 2015). 

1.2. Abnormalities in the frontotemporal, limbic, and cerebellar areas of 
psychopathy 

Psychopathy is a serious disorder of social cognition characterized by 
grandiosity, callousness, manipulativeness, and lack of remorse, 
empathy, and guilt. It is often comorbid with conduct disorder and 
antisocial personality disorder (Johanson et al., 2020). Psychopathy is 
strongly associated with violence and criminal recidivism (Junewicz and 
Billick 2020) and is overrepresented in prisoner populations (Johanson 
et al., 2020). Several biological findings support the theories that 
conduct disorder in childhood and youth represent a neuro
developmental precursor to antisocial personality disorder and psy
chopathy (Junewicz and Billick, 2020; Raine, 2018). Neuroimaging 
studies in psychopathy research have reported heterogenous results, but 
a recent systematic review established decreased grey matter volumes in 
frontotemporal, limbic, paralimbic, and cerebellar structures as the most 
evident neuroanatomical correlates of psychopathy (Johanson et al., 
2020). A recent meta-analysis also showed decreased grey matter vol
umes in dorsolateral cortex and medial orbitofrontal cortex of men with 
psychopathy (De Brito et al., 2021). Similar consistent findings of 
reduced grey matter volume in the frontotemporal and limbic regions is 
also consistently found in adolescents with conduct problems and 
aggression (Fairchild et al., 2019). Moreover, these findings are also 

associated with psychopathic traits in healthy controls and violent of
fenders (Nummenmaa et al., 2021). 

1.3. Similarities and differences in socioemotional processing in ASD and 
psychopathy 

The co-occurrence of psychopathy in autism is possible but rare 
(Rogers et al., 2006). However, although the clinical profiles of ASD and 
psychopathy differ considerably, these two disorders also display 
numerous shared features. A lack of empathy is common in both dis
orders. However, impairments in the cognitive aspects of empathy are 
more pronounced in ASD whereas the emotional aspects are more pro
nounced in psychopathy (Blair, 2008; Lockwood et al., 2013; O’Nions 
et al., 2014). Both disorders are overrepresented in forensic settings, but 
despite the elevated risk of violence in psychopathy, there is no evidence 
supporting a higher risk of violence or offenses in ASD (Howlin, 2000; 
Im, 2016; Johanson et al., 2020; King and Murphy, 2014; Siponmaa 
et al., 2001). Both of these disorders have their origin in the early 
childhood and thus can be viewed as neurodevelopmental disorders 
(Raine, 2018). When ASD and psychopathy both have a significant he
reditary component (Blonigen et al., 2005; Larsson et al., 2006; Tuvblad 
et al., 2016; Tuvblad et al., 2014; Woodbury-Smith and Scherer, 2018), 
they also share some of their genetic basis (O’Nions et al., 2015; Tick 
et al., 2016; Tiihonen et al., 2020). 

Only a few imaging studies have compared the brain basis of these 
two disorders directly. In a study of 323 typically developing and nor
mally functioning adolescents, higher psychopathic traits were associ
ated with lower cortical thickness in the anterior prefrontal cortex and 
higher ASD traits were associated with lower cortical thickness in the 
superior temporal and temporoparietal regions. The only overlapping 
region of cortical thinning as a function of psychopathic and autistic 
traits was seen in the left medial parietal cortex (Wallace et al., 2012). 
One fMRI study using empathy tasks showed reduced responses of brain 
regions involved in cognitive empathy in youths with ASD; in turn, 
youths with conduct disorder and callous-unemotional traits showed 
reduced responses in brain regions involved in emotional empathy 
compared to typically developing individuals (Klapwijk et al., 2016). In 
a study using theory of mind tasks, the children with ASD showed 
atypical neural processing compared to typically developing children, 
but there was no difference between children with conduct problems 
and high callous-unemotional traits and typically developing children 
(O’Nions et al., 2014). In our recent fMRI study comparing these dis
orders in tasks of social cognition (emotion perception), we found 
reduced responses in the motor cortex areas of both of these disorders, 
suggesting an aberrant motor contagion of emotions (Sun et al., 2021). 

1.4. The current study 

The purpose of this study was to provide insight to investigate 
structural differences in ASD and criminal psychopathy. We used voxel- 
base morphometry (VBM) to compare the regional grey matter volume 
between participants belonging to either of these study groups as well as 
a group of controls. In a recent structural brain imaging study using the 
same psychopathic participants, the main findings were decreased grey 
matter volumes of the insula, the frontal cortex, and the sensorimotor 
cortex in violent offenders with psychopathic traits compared to control 
participants (Nummenmaa et al., 2021). Based on prior studies, we 
predicted lower grey matter volume (GMV) values in temporo-parietal 
and cerebellar areas of the ASD compared to control participants. In 
comparison with the previously studied violent offenders with high 
psychopathy traits, we predicted lower GMV values in the parietal social 
cognition areas of the ASD, while the offenders would in turn show 
lower values in frontal social cognition areas. 
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2. Materials and methods 

2.1. Subjects 

Twenty individuals with high functioning ASD (mean age 28 years, 
range 20–40 years), 19 convicted violent offenders (mean age 31 years, 
range 23–45 years), and 19 controls (mean age 29 years, range 21–47 
years) participated in the study. All subjects gave informed, written 
consent and were compensated for their participation. The ethics board 
of the Hospital District of Southwest Finland approved the protocol, and 
the study was conducted in accordance with the Declaration of Helsinki. 
The study also obtained a research permit from the Hospital District of 
Helsinki and Uusimaa since the ASD group participants were largely 
recruited from this area. 

The general inclusion criteria for all groups were male sex and age of 
20–50 years. The general exclusion criteria for all groups were current 
use of narcotics, current abusive use of alcohol (over 14 U /week), se
vere axis I psychiatric illnesses, autoimmune illnesses, current medical 
conditions, and the standard MRI exclusion criteria. 

Inclusion criterion for the ASD group was a valid autism spectrum 
disorder diagnosis, and inclusion criterion for the group of violent of
fenders with psychopathy traits was a current sentence for at least one 
violent crime (murder, manslaughter, rape, assault). Inclusion criteria 
for control group were a clean criminal record and no history of 
neurological or psychiatric disorders. 

Offender group participants were inmates of Turku Prison who had 
been sentenced for murder (n = 5), manslaughter (n = 5), attempted 
manslaughter (n = 3), or grievous bodily harm (n = 6). They were each 
escorted by two prison guards to the local research institute for the brain 
imaging study. Psychiatric diagnoses of the offender group were based 
on prison health care and forensic psychiatric violence risk assessments, 
or most thorough forensic psychiatric examination reports concerning 
legal responsibility, two recruitment interviews, and semi-structured 
PCL-R interviews. Only two of the offenders refused to be evaluated 
with the PCL-R interview. In the Scandinavian countries the PCL-R cut- 
off limit for psychopathy has been suggested to be lower than the North 
American one and in the range of 25–26 (Jüriloo et al., 2014). Final 
consensus diagnoses were made by two medical specialists both in 
psychiatry and forensic psychiatry with 13–25 years of experience in the 
field of prison psychiatry, who were assisted by a psychologist with a 15- 
year working history in a Psychiatric Hospital for Prisoners. Possible 
opioid and dopaminergic medications were mostly withdrawn before 
the measurements, but it was not possible to execute a total discontin
uation of the medications. Clinical information of offenders is found in 
supplement S1. 

Subjects in the ASD group were volunteers from the Helsinki and 
Turku University Hospital Neuropsychiatric Clinics, with one subject 
also recruited from Neuropsychiatric Clinic Proneuron, in Espoo. The 
ASD group diagnoses were verified by a research psychologist, neurol
ogist, and psychiatrist following DSM-5 criteria based on patient history, 
all accessible information from births records, well-baby clinics, and 
school healthcare. Autism Diagnostic Observation Schedule-Second 
Edition (ADOS-2) assessment (Lord et al., 2012) was also used to 
clarify the autism diagnostics. Possible opioid and dopaminergic medi
cations were withdrawn before measurements, but it was not possible to 
execute a total discontinuation of the medications. Clinical information 
of the ASD subjects is found in supplement S2. 

The control participants were screened for medical conditions from 
their patient histories and their use of prescribed medication was 
double-checked from the Finnish medical database. Clinical information 
of the control subjects is found in supplement S3. 

All the participants completed the Autism-Spectrum Quotient (AQ) 
questionnaire for the evaluation of ASD (Baron-Cohen et al., 2001; 
Bishop et al., 2004). AQ comprises 50 questions measuring five different 
areas of autism spectrum disorder: social skill, attention switching, 
attention to detail, communication, and imagination. As all the 

participants in control group scored below the 32 cut-off limit in the AQ, 
they were considered non-autistic and ADOS-2 evaluation was not 
considered necessary (Baron-Cohen et al., 2001). Three of the offender 
group did not complete the AQ questionnaire. One participant in the 
offender group scored 35 but showed no evidence of ASD in clinical 
evaluations and ADOS-2 evaluations in this group were also not 
considered necessary. Psychopathy was evaluated with Levenson Self- 
Report Psychopathy Scale (LSRP) questionnaire across all the partici
pants (Levenson et al., 1995). LSRP measures two dimensions of psy
chopathy: primary psychopathy, indicating inclination to lie, lack of 
remorse, and callousness, and secondary psychopathy indicating 
impulsivity, short temper, and low tolerance for frustration. As all the 
participants in control and the ASD groups scored below 49 in the LSRP, 
they were considered non-psychopathic and PCL-R evaluation was not 
considered necessary (Brinkley et al., 2001). None of the participants 
had previous or current severe mental disorders, as assessed by SCID-I 
interview (Spitzer et al., 1992). The education of all the participants 
was classified in three different categories: (1) primary school, (2) sec
ondary degree, (3) university degree. All the participants were also 
screened for their clinical status, with comprehensive general blood 
laboratory exams, including a urinary test for the use of narcotics. 
Subject characteristics can be found in Table 1A & B. 

2.2. MR imaging and analysis 

Structural MRI data were collected using a Phillips Ingenuity TF 
PET/MR 3 T scanner. We used a T1-weighted sequence (TR 9.8 ms, TE 
4.6 ms, flip angle 7◦, 250 mm FOV, 256 × 256 voxel matrix) with (1 
mm3) isotropic voxel size. The T1 images were screened for structural 
abnormalities by a radiologist. We used SPM12 (Wellcome Trust Center 
for Imaging, London, UK, https://www.fil.ion.ucl.ac.uk/spm) to 
conduct the voxel-based morphometry, applying automated spatial 
normalization, tissue classification, and radio-frequency bias correction 
combined with the segmentation step. Medium affine regularization 
0.01 was used with a 25 mm cut-off for spatial normalization. Following 
normalization and segmentation into grey matter and white matter, we 
incorporated a non-linear transformation step, as implemented in 
CAT12 toolbox, to take into account volume changes caused by spatial 

Table 1A 
Subject characteristics.   

Controls Mean (SD) ASD Mean (SD) Offenders Mean (SD) 

Age 29 (8) 28 (6) 31 (7) 
n (males) 19 20 19 
Education*    
No graduation 0 0 2 
Primary School 0 3 11 
Second degree 10 14 5 
University 9 3 0 
Psychopathy    
PCL-R – – 26 (5) n = 17 
LSRP primary 1 22 (3) 23 (4) 31 (6) n = 15 
LSRP secondary* 13 (3) 17 (3) 20 (3) n = 15 
Autism    
AQ* 11 (4) 28 (6) 20 (6) n = 16 
ADOS-2 – 11 (4) – 
Handedness    
Right 16 13 16 
Left 3 7 3 

PCL-R = Psychopathy Checklist-Revisited, LSRP = Levenson Self-Report Psy
chopathy Scale, AQ = Autism Spectrum Quotient, ADOS-2 = Autism Diagnostic 
Observation Schedule-Second Edition. 
*Significant p < 0.05 differences between all groups in ONE-WAY ANOVA 
analyses. 

1 Significant p < 0.05 differences between groups except between ASD and 
Healthy controls in ONE-WAY ANOVA analyses. 
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normalization. Similar non-linear transformation step was also used to 
account for the differences in total brain size across subjects. Finally, all 
the segmented, normalized, and modulated GM and WM images were 
smoothed using a Gaussian kernel of 8 mm full width at half maximum 
(FWHM). 

In the full volume analysis, the normalized and smoothed VBM im
ages were analyzed with SPM12 using General Linear Model. We first 
disclosed regional variations of grey matter volume among all groups 
using ANOVA F-tests, which was also used to find out group differences 
in the total intracranial volume and total grey matter volume. The 
further pair-wise comparisons between the groups were performed with 
T-tests of six different t-contrasts: 1) Offenders < ASD, 2) ASD < Con
trols, 3) Offenders < Controls, 4) ASD < Offenders, 5) Controls < ASD, 
6) Controls < Offenders. The primary p-value threshold was set at < 0.01 
with a cluster level extent threshold set at qFDR-corr < 0.05. To pinpoint 
the most robust differences between groups, we also assessed the effects 
using stricter statistical thresholds (primary p-value thresholds at 0.005 
and 0.001 with cluster level extent threshold set at qFDR-corr < 0.05.). To 
better elucidate the between-groups differences, we also evaluated GMV 
in a priori regions of interest (ROI). The ROIs were set based on the 
previous anatomical imaging studies at frontal, temporal, insular and 
amygdala areas defined by the AAL atlas (Tzourio-Mazoyer et al., 2002) 
(supplement S4). As our earlier study showed fMRI differences in motor 
cortex function, we also evaluated an AAL-defined ROI at the precentral 
gyrus for any anatomical differences between these groups (Sun et al., 
2021). In addition to the group comparisons, we conducted continuous 
analyses based on the LSRP and AQ questionnaire scores. 

3. Results 

3.1. Voxel-based morphometry 

ANOVA (F-test) analyses revealed significant group differences in the 
right temporal pole, left fusiform cortex, left insular cortex, right culmen 
of vermis, left frontal pole, left inferior frontal gyrus, cingulate gyrus, 

left precuneus, and right precentral gyrus, with FDR-thresholded at p <
0.01. In the pair-wise comparisons the offenders versus ASD group, GMV 
was lower in the right temporal pole and left inferior frontal gyrus 
(Fig. 1A). These findings were still significant when the p-threshold was 
tightened all the way from 0.01 to 0.001 (supplement S5). AQ and LSRP 
scores had no correlation with GMV in any of these areas. In the ASD 
versus control group, GMV was lower in the right precentral cortex, left 
precuneus, right culmen of vermis, and the right cerebellum areas 
(Fig. 1B). These findings were still significant when the p-threshold was 
tightened from 0.01 to 0.001 (supplement S5). The AQ scores had a 
negative correlation with GMV in all of these areas, with an FDR 
threshold at p < 0.01. In the offender versus control group, GMV was 
found to be lower in the bilateral insular cortex, left frontal pole, right 
precentral cortex, cingulate gyrus, left inferior temporal gyrus, and left 
fusiform cortex (Fig. 1C). These findings were still significant when the 
p-threshold was tightened from 0.01 to 0.001 (supplement S5). The total 
LSRP and primary psychopathy domain scores had a negative correla
tion with GMV (FDR corrected at p < 0.01) only in the left frontal pole. 
Secondary psychopathy domain was not associated with GMV using the 
same threshold. There was an overlapping region in the precentral 
cortex where both offender and ASD groups showed lower GMV in 
comparison with controls (Fig. 2). When education, total intracranial 
volume, and age were used as covariates, the results remained essen
tially unchanged (FDR corrected, p < 0.01). We also found no differ
ences in the total intracranial volume (p = 0.1553) and total grey matter 
volume (p = 0.0732) in ANOVA analyses. No significant voxels were 
found in the opposite contrasts (Offender > ASD, ASD > Controls, and 
Offender > Control). Stereotactic coordinates and t-values for the results 
can be found in supplement S4. 

3.2. ROI analyses 

The ROI analyses of the temporal areas showed lower GMV in the 
right temporal inferior, right middle temporal pole, and left temporal 
pole superior regions of the offenders versus ASD group. In frontal areas, 
only the left frontal inferior triangular region of the offender group 
showed significantly lower GMV compared to the ASD group (Fig. 3). In 
the ASD group, only the precentral region showed lower GMV compared 
to controls, with no significant difference in the temporal, frontal or 
insular areas (Fig. 3). The offender group had significantly lower GMV of 
the bilateral temporal inferior, right temporal pole, left middle temporal 
pole, and right temporal pole superior regions compared with the con
trol group. In the frontal areas, the offender group had lower GMV of the 
left frontal inferior operculum, left frontal inferior triangular, bilateral 
middle orbital, left frontal superior orbital, left frontal inferior orbital, 
left frontal medial orbital, left frontal middle, and bilateral frontal su
perior medial regions. There was also lower GMV in bilateral insula and 
right precentral gyrus regions of the offenders compared to control 
group (Fig. 3). The amygdala area did not show any significant differ
ences between groups. Statisics for regional tests are shown in supple
ment S6. 

4. Discussion 

Our main finding was that violent offenders with psychopathic traits 
have lower GMV in frontotemporal areas associated with social cogni
tion when compared with ASD individuals, but compared to controls, 
both individuals with ASD and psychopathy present similar lower GMV 
in motor areas. In comparison with controls, the offender group had 
widespread lower grey matter volume in frontotemporal areas, while the 
ASD group showed lower volume in the precuneus and cerebellum. In 
addition to these divergent patterns, both ASD and offender groups had 
lower grey matter volume in the pre-central motor cortex when 
compared to the control group. Altogether these results suggest that ASD 
and psychopathy involve distinct patterns of structural alterations in the 
brain, the commonalities and shared patterns of lowered GMV may 

Table 1B 
Subject characteristics.   

Controls 
Number of 
participants 

ASD 
Number of 
participants 

Offenders 
Number of 
participants 

Current diagnoses:    
Autism Spectrum 

disorder 
– 20 – 

Antisocial personality 
disorder 

– – 16 

Borderline personality 
disorder 

– – 4 

ADHD – 6 5 
Previous diagnoses:    
Mood and Anxiety 

disorder 
– 8 4 

Substance abuse – – 18 
Alcohol abuse – – 13 
Medication:    
SSRIs, SNRIs – 4 5 
Tricyclic 

antidepressants 
– – 4 

Other antidepressants – 1 – 
Hypnotics and 

Anxiolytics 
– 3 6 

Neuroleptics – – 6 
Stimulants – 2 1 
Betablockers – – 2 
Antihistamines – 1 9 
Levothyroxine – 1 1  
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explain some of the shared phenotypical features of these groups. The 
ANOVA analyses revealed GMV differences in similar areas as found in 
the pair-wise T-test comparisons; the only exceptions were additional 
effects in the right cerebellar and right insular areas. 

4.1. Lower grey matter volume values in the frontotemporal areas of 
violent offenders with psychopathy traits compared to autism spectrum 
disorder individuals 

When comparing the offenders and ASD groups, we found 

significantly lower GMV values in the right temporal pole and left 
frontal inferior triangular gyrus of the offenders. The differences were 
robust and significant with a primary threshold of 0.001. Both of these 
areas are associated with social cognition and related to emotional as
pects of empathy (Leigh et al., 2013; Sato and Uono, 2019). In the ROI 
analyses we also found lower GMV values for the offenders versus ASD 
group in regions involved in social cognition (superior temporal pole, 
middle and inferior temporal pole, and inferior triangular gyrus). In ASD 
the frontotemporal areas are impaired by overgrowth in childhood and 
accelerated degeneration in adulthood and older age (Courchesne et al., 

Fig. 1. A. Brain regions with lower GMV in offender versus ASD group. The data FDR-thresholded at p < 0.01. Tpole = Temporal pole, IFGtriang = Inferior Frontal 
Gyrus, Triangular part B. Brain regions with lower GMV in ASD versus Controls. The data is FDR-thresholded at p < 0.01 PreCG = Precentral Gyrus, PCUN =

Precuneus, CE = Cerebellum C. Brain regions with lower GMV in Offenders vs Controls. The data are FDR-thresholded at p < 0.01 PreCG = Precentral Gyrus, Fpole =
Frontal pole, INS = Insula, Cg = Cingulate Gyrus, ITG = Inferior Temporal Gyrus, TFUS = Temporal Fusiform Gyrus. 

Fig. 2. Overlapping (green) brain regions with lower grey matter volume in ASD (red) and Offender groups (blue) compared to control group. The data are FDR- 
thresholded at p < 0.01. PreCG = Precentral Gyrus.. 
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2011a; Courchesne et al., 2011b; Zielinski et al., 2014). In psychopathy, 
these frontotemporal areas are already seen to be affected at neuro
developmental precursor stages of childhood and subsequently 
throughout adulthood (Fairchild et al., 2019; Johanson et al., 2020; 
Rogers and De Brito, 2016). Along with these divergent growth trajec
tories, our findings suggest different pathological mechanisms behind 
the frontotemporal defects in these disorders, but this needs further 
research. 

4.2. Similar lower grey matter volume areas in the motor cortex of violent 
offenders with psychopathy traits and autism spectrum disorder individuals 

The full-volume analysis revealed lower GMV in right precentral 
cortex of both offender and ASD groups compared with the controls. 
Importantly, GMV in this region did not differ between these two groups 
(ASD and Offenders). This effect was also confirmed in the ROI analyses. 
Aberrant structure of this precentral area might suggest a similar 

Fig. 3. Regional GMV in frontal, temporal, insular and precentral regions of interest (ROI) across the three groups. Asterisks denote statistically significant dif
ferences between groups. 
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impairment of motor functioning in both groups. Deficits in motor areas 
are consistently found in ASD (Fournier et al., 2010a; Mosconi and 
Sweeney, 2015; Nebel et al., 2014), but there is also evidence of func
tional and anatomical deviancies of motor cortex in psychopathy (De 
Brito et al., 2021; Robinson and Bresin, 2014; Tillem et al., 2019). 
Similarly as mentioned before, there is evidence of abnormal growth 
trajectory of the ASD also in the motor cortex regions (Mostofsky et al., 
2007; Riddle et al., 2017). As our ASD participants were all adults, our 
findings could reflect this abnormal age-related degeneration of the 
motor cortex. The functional organization of the motor cortex is also 
disrupted in children with ASD (Nebel et al., 2012), and significant and 
widespread alterations in motor performance have even been argued to 
precede the core symptoms of ASD (Fournier et al., 2010b; Mosconi and 
Sweeney, 2015). There are also reports of increased motor and premotor 
cortex white matter volumes positively correlating with poor motor 
function in ASD (Mostofsky et al., 2007). A study of ASD individuals in a 
high security prison has also interestingly shown a positive correlation 
between motor clumsiness and antisocial lifestyle in PCL-R evaluations 
(Murphy, 2007). To our knowledge, there is only one study that has 
observed decreased grey matter values in the motor cortex of children 
with conduct problems and aggression (Fairchild et al., 2019). Slightly 
similar overlapping findings have earlier been seen in the cortical 
thickness of psychopathy and ASD traits compared to healthy controls 
but these were located more in the parietal cortex (Wallace et al., 2012). 
In our latest fMRI study with the same participants, we found uniting 
altered somatosensory and motor responses to emotional expressions in 
the ASD and offender group, reflecting functional problems in these 
same brain areas (Sun et al., 2021). Here our anatomical findings also 
suggest similar aberrancies in the motor areas in these two groups. 
Along with motor functioning problems, these findings could also be 
possibly related to issues of social cognition such as motor imagination, 
motor observation, and motor empathy (Bhattacharjee et al., 2021; Bons 
et al., 2013). 

4.3. Lower grey matter volume values in ASD compared to controls 

In the ASD group we found lower grey matter volume values in the 
right cerebellum, left precuneus, and right pre-motor cortex compared 
to controls. Comparable areas also had a negative correlation with AQ 
scores. The lower grey matter values of the cerebellum in the ASD group 
is a consistent and can be seen as reflecting deficits in motor control but 
also social cognition in the ASD group (Moreno-Rius, 2019; Schmah
mann, 2019; Van Overwalle et al., 2015). The precuneus is a part of the 
social cognition network and is interestingly linked with default-mode 
networks and sensing of self and others, which may be seen as reflecting 
deficits in the theory of mind of the ASD group (Cavanna and Trimble, 
2006). All in all, the differences in the grey matter volume of social 
cognition areas in the ASD group were surprisingly small when 
compared to controls. This may be due to the phenotypical and genetic 
heterogeneity of the disorder and our relatively small sample size (Pel
phrey et al., 2011). 

4.4. Lower grey matter volume values in violent offenders with 
psychopathy traits compared to healthy controls 

In an earlier study with the same offender and control participants, 
the main findings were lower grey matter volumes in the anterior insula, 
frontal cortex, and the sensorimotor areas in the violent offenders 
compared to controls (Nummenmaa et al., 2021). Consistent with this, 
we found lower grey matter values in the bilateral insular cortex, left 
frontal pole, right precentral cortex, cingulate gyrus, left inferior tem
poral gyrus, and left fusiform cortex in the offender group compared to 
the control group. The total and primary psychopathy domain scores of 
the LSRP questionnaire correlated negatively with the left frontal pole 
area. All the results are comparable with earlier findings from systematic 
reviews of psychopathy (De Brito et al., 2021; Johanson et al., 2020). 

The whole brain findings in this group were also robust and still clear 
with a p-value threshold of 0.001. In the ROI analyses the offender group 
also showed vastly lower GMV values in the frontal, temporal, and 
insular areas as well as the precentral cortex areas. 

4.5. Limitations 

The groups were matched by their age and sex, but there were sta
tistically significant differences in education between groups. Although 
controlling for education in the statistical analysis did not essentially 
change the results, we recommend formal IQ evaluations in future 
studies with similar comparison setups. Also, since we only included 
male subjects, our findings may not be generalized to females. Although 
there was no evidence of current alcohol or drug abuse in any partici
pants as a confounding factor, the history of abuse in the offender group 
was still more common. The MR images and patient histories of our 
subjects did not indicate any brain injuries, but these might nevertheless 
be more common in violent offenders (Katzin et al., 2020). Since the 
screening questionnaires raised a justified suspicion of co-occurrent 
psychopathy and ASD in one of our participants (Rogers et al., 2006), 
we recommend more diagnostic ADOS-2 and PCL-R evaluations across 
all groups in future studies with similar comparison setups. Finally, the 
sample size was limited due to the complicated recruitment and mea
surement protocols in the prison environment. However, we used strict 
statistical significance and were nevertheless able to establish consistent 
differences between the groups. 

4.6. Conclusion 

We conclude that lower grey matter volume of the right temporal 
pole and left inferior frontal gyrus in violent offenders with high psy
chopathy traits is the most salient structural difference in comparison 
with ASD individuals. These brain areas have been linked with both 
psychopathy (Johanson et al., 2020) and ASD in previous studies of 
these social cognition deficits (Courchesne et al., 2011a; Courchesne 
et al., 2011b). Interestingly, these areas are linked with emotional as
pects of empathy, which is seen as more defective in psychopathy (Blair, 
2008; Fitzgerald, 2019; Jones et al., 2010; Lockwood et al., 2013). The 
ASD group showed surprisingly little grey matter loss in any of the areas 
typically associated with social cognition, possibly due to the pheno
typical and genetical heterogeneity of the disorder. We also found 
decreased grey matter volume values in similar areas of the right pre
central cortex in both groups. As motor function impairment is a well- 
known early onset deficit in the ASD group, there is only little knowl
edge of this issue on the psychopathy trait. Considering the nature of 
these disorders, the motor cortex finding could possibly be also more 
closely related to similar issues of social cognition such as motor 
imagination, motor observation, and motor empathy. 
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M., Tani, P., Lindberg, N., Karlsson, H.K., Hirvonen, J., Salomaa, M., M, N.V., 
Lauerma, H., Tiihonen, J., Nummenmaa, L., 2021. Aberrant motor contagion of 
emotions in psychopathy and high-functioning autism. https://doi.org/10.1101/20 
21.07.05.450842. 
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Psychopathy and autismare both associatedwith aberrant social skills and empathy, yet only psychopaths aremarkedly antisocial and
violent. Here,we compared the functional neural alterations underlying these two groups that both have aberrant empathetic abilities
but distinct behavioral phenotypes. We studied 19 incarcerated male offenders with high psychopathic traits, 20 males with high-
functioning autism, and 19 age-matched healthy controls. All groups underwent functional magnetic resonance imaging while they
viewed dynamic happy, angry, and disgusted faces or listened to laughter and crying sounds. Psychopathywas associatedwith reduced
somatomotor responses to almost all expressions, while participants with autism demonstrated less marked and emotion-specific
alterations in the somatomotor area. These data suggest that psychopathy and autism involve both common and distinct functional
alterations in the brain networks involved in the socioemotional processing. The alterations are more profound in psychopathy,
possibly reflecting the more severely disturbed socioemotional brain networks in this population.

Key words: psychopathy; autism; emotion; sociality; motor cortex.

Introduction
The ability to relate with others is a fundamental human
skill that is highly automated. Effortless flow of emo-
tional states and goals across individuals facilitates the
understanding of intentions and actions and allows us to
“tune in” with others (Hatfield et al. 1993; Keysers et al.
2010; Nummenmaa et al. 2012). However, there exists
marked variation in the ability to understand others’
needs and goals as well as to take these into account
in social interactions. Psychopathy is an extreme case
of lacking ability to relate with others despite of the
skillful manipulativeness to achieve goals among social
interactions (Wilson 1994). It is characterized by recur-
ring antisocial behavior, bold, disinhibited, and egotisti-

cal traits, and lacking empathy and remorse (Cooke and
Michie 2001). Psychopathy is also causally linked with
criminal behavior and violence (Murrie et al. 2004).While
the prevalence of psychopathy is around 1% in normal
population, it is around 20% in incarcerated offenders
(Hare 2003) and 16.4% in Finnish incarcerated offenders
(Jüriloo et al. 2014). Because these behavioral and emo-
tional symptoms are persistent and present already in
childhood, psychopathy likely has an organic basis.

Neuroimaging studies have found that psychopathic
offenders have lower volume in the frontal cortex and
in limbic regions, including insula and amygdala (Müller
et al. 2008; Tiihonen et al. 2008; Yang et al. 2009; Ermer
et al. 2012; Nummenmaa et al. 2021). These structural
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alterations are accompanied with abnormal responsive-
ness of the limbic system. Psychopathy is associated
with weaker activity in the amygdala and hippocampus,
striatum, and cingulate cortices while viewing emotional
facial expressions. Psychophysiological and neuroimag-
ing studies have revealed that participants with psy-
chopathic traits show significantly reduced autonomic
nervous system responses and frontocortical brain
activity toward others’ distress, which is consistent with
lowered care motivation (Decety et al. 2013; Meffert
et al. 2013). Conversely, stronger responses are observed
in the frontal cortical regions (Kiehl et al. 2001; Dolan
and Fullam 2009), particularly when viewing violent
emotional episodes (Nummenmaa et al. 2021). The
distorted limbic outputs combined with dysfunction in
executive frontal cortical and social decision-making
systems could thus predispose psychopaths to violent
and antisocial behavior (Contreras-rodríguez et al. 2014;
Contreras-Rodríguez et al. 2015).

Difficulty in relating with other people is a common
feature of the autistic and psychopathic phenotype
(Marsh 2018). Autism spectrum disorders (ASDs) are also
characterized by abnormalities and difficulties in the
social domain, and similarly as psychopathy, they have
an early onset and neurodevelopmental origin. ASDs
are typically manifested as aberrant communication,
restricted interests, repetitive behavior, and sensory
anomalies (Battle 2013; Lord et al. 2020). ASDs have
variable clinical phenotypes from mild to severe, and
even wider continuum of social-communicative ability
extending into the general population has been proposed
(Vecera and Marron 1996; Baron-Cohen et al. 2001).
Neuroimaging studies have linked ASD with aberrant
structure and function in socioemotional brain networks,
such as those involved in the processing of goal-directed
actions and biological motion (superior temporal sulcus),
theory of mind (medial prefrontal cortex and temporo-
parietal junction), and emotion (amygdala) (Harms
et al. 2010; Uljarevic and Hamilton 2013; Glerean et al.
2016). Similar to psychopathy, ASD is associated with
reduced limbic activation by emotional stimuli, such
as happy, fearful, and disgusted faces (Ogai et al. 2003;
Kim et al. 2015). It is however controversial whether
aberrant socioemotional processing pertains to all
emotions versus only a subset of them, and even meta-
analyses have provided evidence for both general (Lozier
et al. 2014) and emotion-specific effects (Uljarevic and
Hamilton 2013).

ASD and psychopathy have a set of common and
distinct characteristics. Both ASD and psychopathy are
both overrepresented in forensic settings (Im 2016),
and aggression is also somewhat common in autistic
samples (Kanne and Mazurek 2011). Because early onset
childhood conduct disorder is highly predictive of adult
psychopathy, it can also be seen as a neurodevelopmen-
tal disorder similarly as ASD (Raine 2018). Both ASD and
psychopathy are also heritable and may have shared
genetic basis (O’Nions et al. 2015; Tiihonen et al. 2020).
Despite these shared features, the behavioral phenotypes

in psychopathy and ASD also differ in important ways.
First, although ASD might be underdiagnosed in forensic
settings (Loureiro et al. 2018), the available data show
that antisocial behavior is more common in psychopathy
than in ASD. Second, while psychopathic individuals can
use their superficial charm and glib for manipulating
other people (Wilson 1994), autistic individuals have,
in general, severe difficulties in maintaining even
routine social interactions. Third, the nonsocial domains
of ASD (restricted interests, repetitive behavior, and
sensory anomalies) are not manifested in psychopathy,
which is better characterized by impulsive rather than
highly structured behavioral patterns (Cooke and Michie
2001); intellectual disabilities are also not common in
psychopaths who tend to be of average intelligence (Hare
2003). Finally, while psychopathy is characterized by
impaired mental state attribution for others’ emotions,
ASD is associated with impaired cognitive perspective-
taking (Jones et al. 2010; Marsh and Cardinale 2012;
Lockwood et al. 2013).

Taken together, individuals with both autism and psy-
chopathy can act in ways that implicate lack of empathy
toward others, and aberrant functioning in compara-
ble brain systems have been implicated in both con-
ditions. Comparison between autistic and psychopathic
individuals’ neural response to socioemotional signals
would thus provide a unique opportunity for address-
ing whether specific perturbations of the socioemotional
brain networks are linked with distinct social and antiso-
cial behavioral patterns. However, to our knowledge, no
prior study has directly compared functional brain basis
of psychopathy and autism.

The current study
In the current study, we compared neural responses to
emotional communicative signals in healthy controls
versus incarcerated psychopathic offenders and individ-
ualswith ASD.All groups underwent functionalmagnetic
resonance imaging (fMRI) while they viewed dynamic
happy, angry, and disgusted facial expressions or listened
to laughter and crying sounds. We show that psychopa-
thy is associated with reduced somatomotor responses
to almost all expressions,while in ASD, comparable alter-
ations were found only for laughter and disgusted facial
expressions. Direct comparison revealed that downregu-
lation of the somatomotor responses to all facial expres-
sions was larger in psychopathy versus ASD.

Methods
Subjects
We studied 19 convicted male offenders with high psy-
chopathic traits, 20 males with high-functioning autism,
and 19 age-matched healthy controls. Exclusion criteria
were psychotic or other severe psychiatric illnesses,
autoimmune illnesses, use of opioids, antipsychoticmed-
ication other than very small doses for insomnia, current
substance abuse, exceptional risk of violence, claus-
trophobia, and other contraindications for magnetic
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resonance imaging. The study was approved by the
ethical committee of the Hospital District of Southwest
Finland and was conducted in accordance of the Helsinki
declaration. All participants completed informed con-
sent forms prior to participating.

Convicted offenders

Offenders were inmates of the Turku Prison and they had
been sentenced for murder (n=5), manslaughter (n=5),
attempted manslaughter (n=3), or grievous bodily harm
(n=6). Information regarding the studywas distributed to
the inmates potentially eligible for the study, and volun-
teers were then evaluated by the prison hospital psychi-
atrists. Psychiatric diagnoses for offenders were based on
prison health care and forensic psychiatric violence risk
assessments, forensic psychiatric examination reports
concerning legal responsibility, 2 recruitment interviews,
and semistructured Psychopathy Checklist-revised (PCL-
R) interviews. Final consensus diagnoses were made by
two medical specialists (M.S. and H.L.), both with 13–
25 years of experience in the field of prison psychiatry,
which was also assisted by a psychologist (N.V.) with a
15-year working history in the Psychiatric Hospital for
Prisoners. Offenders were escorted by 2 prison guards to
the local research institute for the brain imaging study.
More detailed clinical information of offenders is found
in Supplementary Table S1.

None of the offender group was psychotic nor suffered
from a significant mood disorder, as assessed via a SCID-
I interview (Spitzer et al. 1992). The group consisted of
16 participants with antisocial personality disorders, as
defined by DSM-5 criteria (Battle 2013), and 3 who did
not fulfill the criterion of conduct disorder before the
age of 15 years but only the other criteria of antiso-
cial personality. History of excessive alcohol use was
present in 13 participants, and 18 participants had self-
reported or documented use of illegal substances, includ-
ing black market benzodiazepines, pregabalin or opi-
oids, cannabis, amphetamines, gamma-hydroxybutyrate,
MDPV, anabolic steroids, and cocaine. Information con-
cerning the severity of abuse was considered unreliable.

Psychopathy scores of the offenders were evaluated
with semistructured interview by experienced forensic
psychiatrists or psychologists based on the PCL-R (Hare
2003); Levenson Self-Report Psychopathy Scale (LSRP)
questionnaires (Levenson et al. 1995) for offenders were
also documented as untrusted data. Psychopathy scores
of healthy controls and participantswith ASDwere based
on the LSRP questionnaire. LSRP measures 2 dimensions
of psychopathy,with the primary psychopathy score indi-
cating inclination to lie, lack of remorse, and callousness
and the secondary psychopathy score indicating impul-
sivity, short temper, and low toleration for frustration.

Participants with ASD

Participants in the ASD group were volunteers from the
Helsinki and Turku University Hospital Neuropsychiatric

Clinic, and 1 participant was also recruited from the Neu-
ropsychiatric Clinic Proneuron in Espoo. Based on patient
history, accessible information from births records, well-
baby clinics, and school health care, the ASD diagnoses
were verified by research psychologist, neurologist, and
psychiatrist following the DSM-5 criteria. An additional
current Autism Diagnostic Observation Schedule (ADOS)
assessment (Lord et al. 2012) was also used to clarify
the ASD diagnostics. All ASD participants were diag-
nosed with ASD, 6 also with ADHD and 8 with other
mood and anxiety disorders. Healthy participants and
ASD group also completed the autism-spectrumquotient
(AQ) questionnaire (Bishop et al. 2004). None of the ASD
participants had currently severe mental disorder, as
assessed via the SCID-I interview. Dopaminergic medica-
tions (antipsychotics, psychostimulants, and bupropion)
were withdrawn before measurements, but 4 partici-
pants who had SSRI medication could not be withdrawn.
Clinical information of the ASD participants is found in
Supplementary Table S2.

Healthy controls

The control participants were screened for medical con-
ditions from their patient histories, and their use of pre-
scribedmedicationwas double-checked from the Finnish
medical database. Clinical information of the control
participants is found in Supplementary Table S3.

Facial expression task
In the emotional facial expression task (Fig. 1A), partic-
ipants viewed short video clips (5 s) of dynamic facial
expressions of joy, disgust, and anger selected from
ADFES database (van der Schalk et al. 2011). All clips
begun with a neutral face, which was followed by a
dynamic display of the facial expression. Prior to each
clip, participants were shown the first frame of the video
(i.e. neutral face) for 3.5 s to avoid peaks in low-level
visual activation due to simultaneous visual stimulus
and motion onset. This was followed by the dynamic
expression from neutral to full expression, with the full-
blown phase held until the end of the clip. Each stimulus
was followed by a random 4–8 s of rest period. Again,
to avoid peaks in low-level visual cortical activations, a
scrambled picture of the upcoming model was shown
during the rest period. To keep participants focused on
the task, 4 trials (out of 36 trials in total) contained a
still picture of the neutral face instead of the video clip.
Participants were asked to press the response button as
soon as they detected a trial without any facial motion.
These trials were excluded from the analysis. Previous
work shows that these dynamic stimuli elicit consistent
and expression-specific neural responses in emotion and
face perception circuits (Volynets et al. 2020).

Vocal expression task
In the vocal expression task (Fig. 1B), the participants
listened to short laughter and crying vocalizations and
control stimuli which were generated by time-domain
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Fig. 1. Experimental design for the facial expression task A) and vocal expression task B). Color images and videos were used in the facial expression
task.

scrambling of the original sounds. The original stimuli
have been validated and described in detail in O’Nions
et al. (2017). The experiment was run using a blocked
design. In each 16.5-s block, 5 2.5-s stimuli from 1 cat-
egory (i.e. laughter, crying sounds, scrambled laughter, or
scrambled crying sounds) were played with a 1-s silent
period between stimuli.Order of the blockswere random-
ized. The blocks were interspersed with rest blocks last-
ing for 4–7 s. To keep participants focused on the task, an
animal sound (vocalization of an alpaca) was presented
randomly during 50% of the rest blocks. The participants
were instructed to press the response button whenever
they heard the alpaca, and the behavioral outcomes were
inspected for the focus of attention. A total of 32 blocks
(8 blocks per stimulus type) were run.

fMRI acquisition and preprocessing
The magnetic resonance imaging (MRI) data were
acquired with Phillips Ingenuity TF PET/MR 3T whole-
body scanner. High-resolution (1 mm3) structural brain
images were acquired using a T1-weighted (T1w)
sequence (time repetition [TR] = 9.8 ms, time echo
[TE] = 4.6 ms, flip angle = 7◦, 250 mm FOV, 256× 256
reconstruction matrix). Radiologist screened the images
for structural abnormalities. Functional data were
acquired using a T2∗-weighted echo-planar imaging
sequence (TR=2600 ms, TE=30 ms, 75◦ flip angle,
240 mm FOV, 80× 80 reconstruction matrix, 62.5 kHz
bandwidth, 3.0 mm slice thickness, 45 interleaved slices
acquired in ascending order without gaps). A total of 206
(facial expression task) or 290 (laughter task) functional
volumes were acquired. We used fMRIPrep 1.3.0.2 to
preprocess theMRI data (Esteban et al. 2019). Anatomical
T1w reference images were processed following steps:
correction for intensity nonuniformity, skull-stripping,
brain surface reconstruction, spatial normalization to
the ICBM 152 Nonlinear Asymmetrical template version

2009c (Fonov et al. 2009) using nonlinear registration
with antsRegistration (ANTs 2.2.0), and brain tissue
segmentation. fMRI data were processed following steps:
coregistration to the T1 reference image, slice-time
correction, spatial smoothing with a 6-mm Gaussian
kernel, automatic removal of motion artifacts using
ICA-AROMA (Pruim et al. 2015), and resampling to
the MNI152NLin2009cAsym standard space. Quality of
images was assessed via the visual reports of fMRIPrep
and was inspected manually in accord to the whole-
brain field of view coverage, proper alignment to the
anatomical images, and signal artifacts. All functional
data were retained in the analysis. Quality of images was
visually checked and also inspected based on fmriprep’s
visual reports. No images had >25% of frames with >1-
mm frame displacement (Parkes et al. 2018).

Full-volume GLM data analysis
The fMRI data were analyzed in SPM12 (Wellcome Trust
Center for Imaging, London, UK, (http://www.fil.ion.ucl.
ac.uk/spm). The whole-brain random effects model was
applied using a 2-stage process with separate first and
second levels. For each participant, GLM was used to pre-
dict the regional effects of task parameters on blood oxy-
gen level–dependent (BOLD) indices of activation. In the
facial expression task, contrast images were generated
for dynamic happy, angry, or disgusted facial expressions
versus static neutral faces (i.e. the initial 3.5 s of each
video without motion) and were subjected to second-
level analyses for population-level inference. In the vocal
expression task, contrast images were generated for
laughter or crying sound versus corresponding scram-
bled sounds andwere subjected to second-level analyses.
We first tested the task-dependent activations in each
group and conducted the between-group comparisons
for each effect of interest. In addition to between-group
comparisons, in a control analysis, we also fitted amulti-
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Table 1. Basic characteristics of the participants.

Groups Control ASD Psychopathy

Age 28.53 (7.69) 27.85 (5.56) 31.16 (6.49)
Education level

Interrupted primary school 0 0 2
Primary school 0 3 12
Second degree 10 14 5
University degree 9 3 0

Psychopathy
PCL-R — — 26.47 (6.24)
LSRP primary psychopathy 21.95 (3.05) 23.30 (3.95) 30.67 (5.96)a

LSRP secondary psychopathy 13.47 (2.97) 16.60 (3.28) 19.8 (3.14)a

Autism
AQ 10.95 (3.44) 27.65 (5.64) 19.63 (6.43)a

ADOS — 11.30 (4.34) —

Note: — indicates data not available. aIndicates data not trusted.

ple regression model where the primary LSRP scores and
AQ scores were used as regressors. By controlling the
effect of the other, this provided additional information
regarding the specific effect of these factors across all
the subject groups. The secondary LSRP scores were
significantly correlated with the AQ scores when the
groups were pooled (r=0.37, P=0.005) and therefore were
not applied in the control analysis. Statistical threshold
was set at P< 0.05, FDR-corrected at cluster level.

Region of interest analysis
To visualize the between-group differences, BOLD sig-
nals in anatomically defined regions of interest (ROIs)
were also analyzed. ROIs were selected considering their
important roles in socioemotional processing.These ROIs
included anterior, middle, and posterior cingulate cor-
tices (CCs), precuneus, amygdala, caudate, putamen, and
insula defined by the AAL atlas (Tzourio-Mazoyer et al.
2002). We also included the subregions of motor area,
which are parceled in the Juelich Atlas with masks gen-
erated using the SPM Anatomy toolbox (Eickhoff et al.
2005). These subregions include the primary motor cor-
tex (M1) corresponding to Brodmann areas (BAs) 4a and
4b; the supplementary motor area (M2) corresponding to
BA6 (Geyer 2004); the primary somatosensory cortex (S1),
including BA3a, BA3b, BA1, and BA2 (Geyer et al. 2000;
Grefkes et al. 2001); and the secondary somatosensory
cortex (S2), including parietal operculum 1-4 (Eickhoff
et al. 2006). Regional beta weights were estimated from
first-level contrast images of each participant using the
MarsBaR toolbox (Brett et al. 2002). ROI data were ana-
lyzed using 2-sample t-test in R statistical software (ver-
sion 3.6.3).

Results
Psychopathy and autism evaluation in the
studied groups
Basic information of participants is summarized in
Table 1.

In the psychopathy group, interview based PCL-Rmea-
sures were conducted since their self-reported data were
considered unreliable due to the nature of psychopathy.

This was also supported by a lack of significant corre-
lation for PCL-R scores with either primary LSRP scores
(r=0.3, P=0.3) or secondary LSRP scores (r=0.23, P=0.4).
However, both primary and secondary LSRP scores of the
psychopathy group were significantly higher than the
other groups (Supplementary Fig. S1).

In the ASD group, AQ scores were significantly higher
compared to controls (t=11.14; P< 0.001). While there
was no statistical difference between ASD group and
controls for LSRP primary psychopathy scores (t=1.20;
P=0.24), the ASD group had higher secondary psychopa-
thy score (t=3.12; P=0.003).

Regional responses to positive emotional stimuli
In the control group,happy faces elicited activation in the
occipital cortex; fusiform gyrus; CC; motor area, includ-
ing the primary (S1) and secondary (S2) somatosensory
cortex and primary (M1) and supplementary motor (M2)
areas; medial frontal cortex (MFC); middle temporal
gyrus (MTG) and superior temporal gyrus (STG); pre-
cuneus; cuneus; amygdala; hippocampus; striatum; and
thalamus (Fig. 2A). Social laughter sounds elicited activa-
tion in the primary and secondary auditory cortices, CC,
motor area, MFC, MTG, and STG, precuneus, amygdala,
hippocampus, striatum, and thalamus. These activations
by both happy faces and laughter were weakened in the
autistic individuals and were markedly abolished in the
psychopathy group, with the exception of the temporal
activations (Fig. 2A). In the psychopathy group, large-
scale deactivation was also observed for laughter.

This was confirmed in direct between-group contrasts
(Fig. 2B). Compared to controls, the psychopathy group
showed dampened responses to happy faces and
laughter in motor area, CC, and precuneus. Dampened
activation in response to laughter expanded largely to
frontal and posterior brain areas and subcortical regions.
Compared to controls, ASD group showed dampened
responses in the middle and anterior CCs to happy
faces and in the motor area (also expanding frontally)
to laughter. Compared to ASD group, psychopathy group
showed dampened response inmotor area to happy faces
and in precuneus to laughter.
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Fig. 2. Brain responses to happy faces and social laughter. A) Responses to happy faces and laughter separately for each group. Hot color indicates
activation and cool color indicates deactivation. B) Between-group differences in response to happy faces and laughter. Data are thresholded at
P<0.05 with FDR cluster-level correction. S1=primary somatosensory cortex, S2= secondary somatosensory cortex, M1=primary motor cortex,
M2= supplementary motor area, and PreCu=precuneus.

Regional responses to negative emotional stimuli
In controls, both angry and disgusted faces elicited acti-
vation in the occipital cortex, FFA, CC, the motor area,
MFC,MTG and STG, precuneus, amygdala, hippocampus,
striatum, and thalamus (Fig. 3A). Comparable activation
of these regions was found in autistic individuals, while
similarly as for happy faces and laughter, activities in
these brain regions in psychopathic individuals were
markedly abolished (Fig. 3A).

This was also confirmed in direct between-group con-
trast (Fig. 3B). Compared to controls, participants with
psychopathy showed dampened activation in CC, motor
area, and precuneus to both angry and disgusted faces.
Compared to controls, ASD group also showed damp-
ened activation in the CC, motor area, and precuneus
to disgusted faces. However, in response to angry faces,
ASD group showed increased activation in precuneus and
posterior CCs. Compared to ASD group, the psychopathy
group showed global deactivation to angry faces and
damped activation in motor area and precuneus to dis-
gusted faces.

Crying sound elicited activation mainly in the primary
and secondary auditory cortices and in nearby regions
(Supplementary Fig. S2). However, group comparisons
did not show statistical differences. We also investigated
whether the self-reported LSRP and AQ scores, while
controlling for each other, were specifically associated
with brain responses to the facial and vocal expression
stimuli (Supplementary Fig. S3). In line with the group-

level findings, data showed that LSRP primary score
was specifically associated with reduced response
to laughter in the CC, thalamus lateral prefrontal
cortex, somatomotor area, and precuneus. Also, AQ
score was specifically associated with increased brain
response to angry faces in CC, somatomotor area, and
precuneus.

ROI analysis
ROI analysis demonstrated between-group differences
that were in accord with the full-volume analysis
(Fig. 4). In response to laughter (Fig. 4A), psychopathy
group showed reduced activation in M1, M2, S1, and
the combined somatomotor areas (M1, M2, S1, and S2
together), anterior cingulate cortex (ACC), and middle
cingulate cortex (MCC) compared to controls. There were
no statistically significant differences between controls
and ASD group, although numerically mean activity was
strongest in controls and weakest in psychopathy group
in most ROIs.

In response to angry faces (Fig. 4B), psychopathy group
demonstrated reduced activation in ROIs, including the
M1, S2, whole motor area, ACC, MCC, and posterior cin-
gulate cortex (PCC) compared to ASD group. ASD group
also showed increased activation in the PCC compared
to controls. No between-group differences were found
for crying sounds and happy faces. For disgusted faces,
psychopathy group showed reduced activation in MCC
compared to controls (data not shown). Subcortical BOLD
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Fig. 3. Brain responses to angry and disgusted faces. A) Responses to angry and disgusted faces separately for each group. B) Between-group differences
in responses to angry and disgusted faces. Data are thresholded at P<0.05 with FDR cluster-level correction.

activity in the amygdala, insula, and striatum did not
show between-group differences in the tasks.

Discussion
Incarcerated offenders with psychopathic traits and
patients with high-functioning autism showed both
common and unique alterations in the brain responses to
positive and negative facial and vocal social communica-
tive signals. Compared with controls, offenders showed
lowered brain activation toward all communicative
signals except for crying sounds. Weaker activity was
observed in somatosensory, motor, and CC. This effect
was less pronounced in the patients with ASD and was
observed primarily for laughter and disgusted facial
expressions. Direct comparison between psychopathic
offenders and patients with ASD revealed that the
somatomotor responses were weaker in offenders. Alto-
gether, our data show that alterations in somatomotor
processing of emotional signals is a common charac-
teristic of criminal psychopathy and autism, yet the
degree and specificity of these alterations distinguishes
between these two groups. The higher overall degree of
alterations in the psychopathic offenders might explain
this phenotype manifested by both lacking the ability to
relate with others as well as violent behavior.

Our main finding was that somatomotor “mirroring”
of vocal and facial emotional expressions was altered

in both criminal offenders and participants with ASD
and that the somatosensory and motor responses to
emotional signals were more reduced in the criminal
offenders than in the ASD group. This accords with pre-
vious studies that have found reduced brain activation
during passive observation of others’ distress (Meffert
et al. 2013) or affective memory tasks (Kiehl et al. 2001)
in participants with psychopathic traits. Psychopathic
offenders also show less behavioral contagion of laugh-
ing and yawning (Hagenmuller et al. 2012), and recent
structural imaging study demonstrated that both crim-
inal psychopathy as well as psychopathy-like traits in
healthy controls are associated with lower volume in the
somatosensory cortices (Nummenmaa et al. 2021).

Seeing others in a particular emotional state often
triggers automatically the corresponding behavioral and
somatic representation of that emotional state in the
observer (Dimberg and Thunberg 1998; Wild et al. 2001).
Neuroimaging studies have confirmed that such somato-
motor contagion of emotions is subserved by common
neural activation for the perception and experience of
states, such as pain (Singer et al. 2004; Jackson et al.
2005; Saarela et al. 2007), disgust (Wicker et al. 2003), and
pleasure (Jabbi et al. 2007), allowing to “tune in” or “sync”
with other individuals (Keysers et al. 2010; Nummenmaa
et al. 2012). Furthermore, damage to somatosensory cor-
tex (Adolphs et al. 2000) and their inactivation by tran-
scranial magnetic stimulation (Pourtois et al. 2004) also
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Fig. 4. Region-of interest analysis for laughter (A) and angry faces (B). Between group comparisons were conducted using student’s t-test, with
significance levels marked: ∗P<0.05, ∗∗∗P<0.01. motor = combined region of M1, M2, S1, and S2; data involved both hemispheres.

impair recognition of emotions from facial expressions.
The widespread aberrant responsivity of the somatosen-
sory cortex in psychopathic offendersmay explicate their
asocial character, lack of empathy, and egotistical traits
(Cooke and Michie 2001). As mirroring of others’ emo-
tions and particularly distress plays a crucial role in
empathy and inhibition of violent behavior (Blair 2001;
Karjalainen et al. 2017), impaired somatic and motor
contagion of others’ emotions may render psychopaths
susceptible to antisocial behavior and violence.

The participants with ASD also had lowered somato-
motor responses to emotional signals, although this
effect was less profound than in the offenders. Prior
work shows that autistic individuals have difficulties in
recognizing specific emotions (Clark et al. 2008; Harms
et al. 2010; Uljarevic and Hamilton 2013) as well as
difficulties in automatic mimicking facial expressions
(McIntosh et al. 2006; Oberman et al. 2009). Some
studies have also shown that patients with ASD have
deficient motor intention understanding ability, which is
possibly linked with aberrant motor cognition (Cattaneo
et al. 2007; Boria et al. 2009; Casartelli et al. 2016).
In line with these studies, functional neuroimaging
experiments show that high-functioning autism hinders
the brain from synchronizing with those of others
while viewing naturalistic social interaction, which is

indicative of aberrant automatic tuning in with others’
mental states (Hasson et al. 2009; Salmi et al. 2013). The
present data highlight how the aberrant activity of the
somatosensory and motor cortices may also contribute
to these impairments.

Although both psychopathy and ASD groups showed,
in general, reduced responses to the vocal and facial
emotional expressions, the specific patterns of these
alterations differed across the groups. Overall, the
emotional expressions evoked weaker responses in
the psychopathic than autistic individuals, and for
all facial expressions, this effect was observed in the
primary somatosensory, primary, and supplementary
motor cortices. Because motor responses to social
communicative signals are fundamental for establishing
social bonds between individuals (Iacoboni et al. 2005;
Keysers and Gazzola 2007) and are important for the
formation of empathic responses (Gallese 2001; Leslie
et al. 2004; Warren et al. 2006), the present observed
aberrant motor contagion may reflect the shared
component of the socioemotional deficits in autism
and psychopathy. Laughter expressions elicited to large-
scale deactivation outside the auditory cortices only in
offenders. Laugher is a universally recognized prosocial
signal that is used for bonding purposes, rather than an
expression of positive emotional state (Scott et al. 2014),
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and many of the characteristics defining psychopathy
are related to abnormal socioemotional interaction. It
is thus possible that the aberrant neural responses to
bonding signals, such as laughter, could link with the
antisocial traits in psychopathy. Additionally, for angry
faces, the difference between psychopathy and ASD
groups was markedly widespread, with psychopathy
group showing significantly reduced responses across
the medial and lateral frontal cortices in comparison
with the autistic patients. These data suggest that
autism-associated hypersensitivity of the neural systems
responding to anger and hyposensitivity to prosocial
cues, such as laugher, may explain the distinct patterns
of social interaction and communication deficits in
psychopathy and autism.

The current study also bears limitations. Although
we aimed at recruiting prisoner volunteers not using
antipsychotics, antidepressants, or anxiolytics, it was
not possible to recruit a completely drug-naive sample.
The convicted offenders and healthy controls and
participants with ASD also differ from each other
regarding the available quality and quantity of social
interaction, leisure time activities, education levels,
and so forth. Ideally, this kind of study should thus
also involve a forensic but nonpsychopathic sample.
Despite of these mentioned limitations, however, our
reported between-group differences were supported by
the control analysis based on cautiously trusted common
measures. Our data are cross-sectional in nature and
cannot resolve the potential causal link between the
functional alterations and psychopathy and autism.
Further, because our focus was on criminal psychopathy,
we decided against completing the laborious and time-
consuming PCL-R protocol for the healthy and nonin-
carcerated sample. We only included male participants
in the current study and findings may not generalize to
females.

In summary, our findings suggest that aberrant neural
activity in somatomotor areas may be a common mech-
anism underlying the asocial behavior in psychopathy
and autism, while its severity and selectivity in response
to different types of social communicative signals set
these disorders apart. These data suggest that distinct
conditions associated with social information process-
ing abnormalities might share common neurobiological
substrates despite distinct behavioral and clinical phe-
notypes.
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Abstract
Purpose  Opioid and dopamine receptor systems are implicated in the pathoetiology of autism, but in vivo human brain 
imaging evidence for their role remains elusive.
Methods  Here, we investigated regional type 2 dopamine and mu-opioid receptor (D2R and MOR, respectively) availabili-
ties and regional interactions between the two neuromodulatory systems associated with autism spectrum disorder (ASD). 
In vivo positron emission tomography (PET) with radioligands [11 C]raclopride (D2R) and [11 C]carfentanil (MOR) was 
carried out in 16 adult males with high functioning ASD and 24 age and sex matched controls. A whole brain voxel-wise 
analysis was tested with Student´s t-test and regional group differences in D2R and MOR receptor availabilities as total and 
separate were tested with linear mixed models also examining the associations between regional receptor availabilities with 
correlations.
Results  There were no group differences in whole-brain voxel-wise analysis of D2R, but ROI analysis revealed a lower 
overall mean availability in striatum of the ASD compared to controls. Post hoc regional analysis revealed reduced D2R 
availability in nucleus accumbens and globus pallidus of the ASD group. The whole-brain voxel-wise analysis of MOR 
revealed cuneal/precuneal up-regulation in the ASD group, but there was no overall group difference in the ROI analysis for 
MOR. MOR down-regulation was observed in the hippocampi of the ASD group in a post hoc analysis. Regional correla-
tions between D2R and MOR availabilities were weaker in the ASD group versus control group in the amygdala and nucleus 
accumbens.
Conclusions  These alterations may translate to disrupted modulation of social motivation and reward in ASD.

Keywords  Autism · Dopamine · Opioid · Positron emission tomography · MOR · D2R
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Introduction

Autism spectrum disorder (ASD) is a developmental neu-
ropsychiatric disorder with disabling difficulties in social 
communication and interaction and restricted and repeti-
tive behavior [1]. ASD is strongly heritable with a com-
plex genetic background [2, 3], but its neurochemical basis 
remains poorly understood. Aberrancies in different neuro-
receptor systems [4] have been proposed to underlie ASD, 
but human studies have yielded only limited evidence for 
the role of specific neuroreceptor systems. Animal studies 
and neuropharmacological evidence, however, suggest that 
the endogenous dopamine and opioid systems might be the 
key molecular pathways underlying ASD [4–10].

Dopamine is released from the ventral tegmental area 
(VTA), which projects to the prefrontal cortex (PFC) 
and nucleus accumbens (NAcc) of the ventral striatum, 
forming the mesocorticolimbic circuit (MCL) that con-
trols reward and motivated behavior [5, 11]. Dopamine 
released from substantia nigra pars compacta (SNpc), in 
turn, projects to the dorsal striatum (DS), forming the 
nigrostriatal (NS) pathway, controlling goal-directed and 
habitual behavior [5]. Dopamine receptors are divided 
into two main groups D1- (D1R, D5R) and D2-receptors 
(D2R, D3R, D4R), of which D1R and D2R moderate 
locomotion, reward, reinforcement, learning, and memory 
[12]. D1R are expressed as postsynaptic receptors widely 
across the brain and especially in the striatum [6, 13], 
while D2R is additionally expressed also as presynaptic 
auto-receptors, which modulate dopamine release in the 
synapses [14]. The use of dopaminergic agents, such as 
cocaine and methamphetamine, is associated with smaller 
social networks and impaired emotion recognition and 
emotional empathy [15]. Cocaine users also show difficul-
ties in the theory of mind [16, 17] and display diminished 
emotional engagement and reward in social interaction 
[18, 19]. Functional magnetic resonance imaging (fMRI) 
studies in humans have suggested that the dysfunction of 
the MCL is associated with ASD [20–23]. Human posi-
tron emission tomography (PET) studies have further 
shown deviant dopamine signaling in ASD compared to 
controls, but the results have been controversial [24, 25]. 
There is also support for dopamine dysregulation in ASD 
from genetic studies [26]. Finally, dopamine antagonist 
medications such as risperidone and aripiprazole may 
alleviate autism symptoms, including irritability and ste-
reotypic behavior [4–6, 27].

The endogenous opioid system controls a wide variety 
of human functions, from basic homeostasis and antino-
ciception to emotions, social attachment, and reward [9, 

28–31]. Neuropeptide beta-endorphin is released from 
hypothalamic nuclei and mesolimbic structures, project-
ing to other hypothalamic and corticolimbic structures, 
frontal lobes, brainstem, and periaqueductal grey [9, 28]. 
Beta-endorphin binds to three different opioid receptors, 
mu- (MOR), delta- (DOR), and kappa- (KOR), which are 
differentially distributed across the cortical and subcortical 
areas. Opioid receptors are widely expressed in the brain 
as postsynaptic receptors, but also as modulatory presyn-
aptic auto-receptors [32]. Since the late seventies, opioid 
system dysfunctions have been proposed to be linked with 
autism [7, 9, 33, 34], and more recently, MOR knock-out 
mice were shown to manifest autism-related behaviors 
[10]. In animals, mu-opioid agonists also influence the 
social approach and withdrawal behavior depending on the 
dose, duration of dosing, and the social context [8]. Clini-
cal studies in humans have shown that opiate addicts in 
maintenance treatment display deficits in social inference, 
emotion recognition and theory of mind [35–37]. More-
over, opioid antagonists may improve hyperactivity and 
restlessness symptoms in autism [4, 38]. The endogenous 
opioid system aberrancies in ASD have not been validated 
with any human imaging studies.

The interaction of the dopamine and opioid systems is 
critical for reward processing [39–42]. D2R and D1R are 
both expressed in the striatum and current theories suggest 
their opposing role in reward and aversion learning [14, 43]. 
Opioid mediated reward in turn depends on MOR activation 
in VTA, NAcc, amygdala, hippocampus, globus pallidus 
(GP) and medial frontal cortex (MFC) [44]. In animal micro-
dialysis studies, mu-opioid agonists in the VTA increased 
the basal level of dopamine in the striatum, whereas antago-
nists decreased it [45, 46]. In human [11 C]carfentanil PET 
studies, the dopaminergic drug amphetamine has raised 
mu-opioid levels in the striatum, frontal cortex, thalamus, 
insula, and anterior cingulum (ACC) and cerebellum [47, 
48]. Multiligand PET studies have confirmed that D2R and 
MOR availabilities correlate positively with each other in 
the striatum [49, 50],, and that this linkage may be disrupted 
in specific conditions such as morbid obesity [50]. Dysfunc-
tion of this opioid and dopamine modulated reward-system 
is associated with ASD and relates to aberrant social reward 
and motivation [8, 51, 52].

Here, we used in vivo PET with radioligands [11 C]raclo-
pride (binding to D2R) and [11  C]carfentanil (binding to 
MORs) to compare regional receptor availabilities and the 
interactions between the receptor systems in ASD individu-
als and controls. We found that ASD is associated with stria-
tal D2R basal availability downregulation and disruption of 
D2R and MOR interaction.
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Materials and methods

Participants

Sixteen individuals with high-functioning ASD (mean 
age = 30 years, SD = 5, range = 23–42 years) and 24 controls 
(mean age = 29 years, SD = 9, range = 20–49 years) partici-
pated in the study. All participants gave informed, written 
consent and were compensated for their participation. The 
ethics board of the Hospital District of Southwest Finland 
approved the protocol, and the study was conducted in 
accordance with the Declaration of Helsinki. The study also 
obtained a research permit from the Hospital District of Hel-
sinki and Uusimaa since the ASD group participants were 
largely recruited from this area. For minimizing confound-
ing factors and maximizing statistical power, the study was 
run using a male-only sample with a restricted age range 
(20–50 years). General exclusion criteria for both groups 
were current use of narcotics, current abusive use of alcohol 
(over 14 units per week), severe axis I psychiatric illnesses, 
autoimmune illnesses, current medical conditions, and the 
standard MRI contraindications. Structural brain abnormali-
ties that are clinically relevant or could bias the analyses 
were excluded by a consultant neuroradiologist.

Inclusion criterion for the ASD group was a valid autism 
spectrum disorder diagnosis (DSM-5 299.00). Participants 
in the ASD group were volunteers from the Helsinki and 
Turku University Hospital Neuropsychiatric Clinics, one 
participant was also recruited from Neuropsychiatric Clinic 
Proneuron, in Espoo. Diagnoses were verified by a neuro-
psychologist (JS), neurologist (TN), and psychiatrist (PT) 
following DSM-5 criteria based on patient history, all acces-
sible information from birth records, well-baby clinics, and 
school healthcare. Autism Diagnostic Observation Sched-
ule-Second Edition (ADOS-2) assessment [53] was also 
performed by trained, research-reliable clinical psycholo-
gist (ES) to quantify the autism severity in this group. The 
ASD participants did not have any opioid or dopaminergic 
medication. Clinical information and characteristics of the 
ASD participants is found in Table S1.

Inclusion criteria for the control group were no history 
of neurological or psychiatric disorders. The control par-
ticipants were screened for medical conditions from their 
patient histories and their use of prescribed medication was 
double-checked from the Finnish medical database. The 
control participants did not have any opioid or dopaminer-
gic medication. Clinical information and characteristics of 
the control participants is found in Table S1.

All participants completed the Autism Spectrum Quo-
tient (AQ) questionnaire for the evaluation of ASD-related 
traits (ASD group mean = 28, range = 23–42, SD = 6 and 
Controls group mean = 12, range = 4–27, SD = 5) [54, 55]. 

None of the participants had previous or current severe 
mental disorders based on the SCID-I interview [56]. The 
education of all the participants was classified into three 
different categories: (1) primary school, (2) secondary 
degree, (3) university degree. All the participants were also 
screened for their clinical status, with comprehensive gen-
eral blood laboratory exams, including a urinary test for the 
use of narcotics.

The sample size was calculated based on compara-
ble experiments on brain neurotransmission differences 
between groups [57]. In these experiments statistically sig-
nificant differences in neuroreceptor binding could be estab-
lished between two groups of 13 and 14 individuals with an 
effect size of d = 1.30. A priori power calculations with the 
G*Power software suggest that the predicted effects will be 
observed with a power of 0.90 with sample sizes exceeding 
14.

Experimental design

PET imaging was carried out with General Electric (GE) 
Healthcare Discovery VCT (ASD n = 2, Controls n = 17) 
and Discovery 690 PET/CT (ASD n = 14, Controls n = 7) 
scanners in Turku PET center. Spatial resolution is similar 
(~ 5 mm FWHM) for both scanners [58, 59]. We measured 
MOR availability with high-affinity agonist radioligand [11 
C]carfentanil [60] and D2R availability with agonist radioli-
gand [11 C]raclopride, with the highest affinity to D2R, but 
also high affinity to D3R and low affinity to D4R [61, 62]. 
Radiotracer synthesis has been described previously [57, 
63]. Both radioligands were administered as a rapid bolus 
injection, after which the radioactivity in the brain was mea-
sured for 51 min. Injected doses were 245 ± 11 MBq for [11 
C]carfentanil and 254 ± 11 MBq for [11 C]raclopride). The 
[11 C]carfentanil and [11 C]raclopride PET imaging were 
performed on the same day >2.5 h apart. All PET images 
were reconstructed using 13 timeframes (3 × 1 min, 4 × 3 
min, 6 × 6 min; total of 51 min). High-resolution anatomical 
T1-weighted images (TR 9.8 ms, TE 4.6 ms, flip angle 7º, 
250 mm FOV, 256 × 256 voxel matrix with 1 mm3 isotro-
pic voxel size) were obtained with 3 T PET-MRI scanner 
(Philips Ingenuity TF PET-MR device, Philips Healthcare) 
for reference and normalization purposes. The PET-MR was 
not available for the lengthy dual-ligand scans for logistic 
reasons as it was used for clinical scans and other research 
projects necessitating MR at that moment.

PET preprocessing and modelling

PET images were preprocessed in MATLAB (The Math-
Works, Inc., Natick, Massachusetts, United States) using 
Magia pipeline [64] (​h​t​t​p​​s​:​/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​t​​k​k​a​​r​j​a​​l​/​m​a​g​i​a), 
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Austria) and linear mixed-effects models (LMMs), by 
including a random intercept to control for the potential dif-
ferences between PET scanners. Before the LMM analysis, 
all BPND values were log-transformed to ensure normality. 
Normality of the model residuals was evaluated with the 
Shapiro-Wilk test and checked visually with density and 
Q-Q plots. Homogeneity of variance was verified separately 
for both scanners with Levene´s test. The results were cor-
rected for multiple comparisons using Holm’s method. The 
results are presented as percentage difference in BPND and 
regression effect estimates with 95% confidence intervals 
and p-values. We first tested for overall significant differ-
ences between the groups by including group as a fixed fac-
tor and participant, ROI and scanner type as random effects, 
allowing their intercepts to vary freely:

BPnd ∼ 1 + group+
(1|participant) + (1|scanner) + (1|roi)

As our primary interest with D2R availability was the stri-
atum, the striatal ROIs were analyzed first separately and 
then together with the thalamus and amygdala ROIs [69].

We then set up post-hoc analysis for assessing group dif-
ferences in each ROI separately, by specifying group as a 
fixed factor and scanner type as a random effect in LMM:

BPnd ∼ group + (1|scanner)

The association between AQ scores and regional radioli-
gand availability were analyzed with LMM, with AQ and 
age as a fixed factor and scanner type as a random effect:

BPnd ∼ AQ + age+ (1|scanner)

Associations between regional [11 C]carfentanil and [11 C]
raclopride BPND were estimated using Pearson correlations. 
Group differences in the regional associations in D2R/MOR 
availability were tested using Fisher’s z-test. A standard 
neuroimaging tool for matrix correlations, Mantel’s test 
[81–83] was used to examine the similarity of the regional 
correlation structures of D2R/MOR availability between the 
groups.

Meta-analysis

To summarize the current data on striatal dopamine PET 
imaging studies in ASD we conducted a meta-analysis. A 
PubMed search was conducted on Oct. 3rd, 2023, using 
the keywords “autism spectrum disorder”, “PET”, “posi-
tron emission tomography” and “dopamine”. Moreover, 
a complementary search with Google Scholar was con-
ducted to confirm that no studies were missing. Finally, 

which utilizes SPM12 (The Wellcome Trust Centre for 
Neuroimaging, Institute of Neurology, University Col-
lege London, ​h​t​t​p​​s​:​/​​/​w​w​w​​.​f​​i​l​.​​i​o​n​.​​u​c​l​​.​a​c​​.​u​k​​/​s​p​​m​/​s​o​​f​t​​w​a​r​e​
/​s​p​m​1​2) in the PET data motion correction and image ​r​e​
g​i​s​t​r​a​t​i​o​n and FreeSurfer (version 6.3, https://freesurfer.
net) in an automated region of interest (ROI) delineation. 
We used altogether twelve MOR binding ROIs involved 
in reward, motivation and socioemotional processing 
extracted from MRI by using FreeSurfer (striatal: caudate, 
globus pallidus (GP), NAcc, and putamen, extrastriatal: 
amygdala, thalamus, dorsal anterior cingulate cortices 
(dACC), rostral anterior cingulate cortices (rACC), OFC, 
posterior cingulate cortex (PCC), insula and hippocam-
pus) [8, 23, 30–32, 44, 49, 51, 65–68]. Since raclopride 
binds reliably only in the striatum [69], we preferred the 
striatal ROIs from these to measure D2R binding [70–
73], only with the exception of including thalamus and 
amygdala because of their striatal connections and rel-
evance in ASD [23, 51, 52, 70, 74–79]. Reference tissues 
volumes (cerebellum for [11 C]raclopride and occipital 
cortex for [11 C]carfentanil) were automatically adjusted 
to account for specific radioligand binding, as described 
previously [64].

Specific regional binding of [11 C]raclopride and [11 C]
carfentanil was quantified as binding potential relative to 
non-displaceable binding (BPND) using the simplified refer-
ence tissue model (SRTM) [80]. Parametric BPND images 
were also calculated for voxel-level analysis with basis 
function implementation of SRTM (bfSRTM) with 300 
basis functions. Lower and upper bounds for theta param-
eter were set to 0.082 1/min and 0.6 1/min for [11 C]raclo-
pride and 0.06 1/min and 0.6 1/min for [11 C]carfentanil. 
Before the parametric image calculation, the dynamic PET 
images were smoothed using a Gaussian kernel with 4 mm 
full width at half maximum to reduce the effect of noise 
in voxel-level bfSRTM fit. The resulting parametric images 
were further normalized into MNI152 space and smoothed 
again using a Gaussian 4 mm filter.

Statistical analysis

Full-volume analysis of the normalized and smoothed [11 
C]raclopride and [11 C]carfentanil images was carried out 
with SPM12 using a two-sample Student’s t-test, while con-
trolling for scanner type. [11 C]carfentanil analysis included 
the whole brain volume, whereas voxel-wise [11 C]raclo-
pride analysis was restricted to striatum, as BPND for this 
ligand can be reliably estimated only within this subregion 
[69]. The results were corrected for multiple comparisons 
by using false discovery rate (FDR) at p < 0.05.

Statistical analysis for the ROI data was performed 
using R software (version 3.5.1, The R foundation, Vienna, 
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D2R system

Whole-brain voxel-wise analysis did not reveal any signifi-
cant group differences with [11 C]raclopride. The analysis 
with striatal ROIs revealed significant overall downregu-
lation in D2R availability of the ASD group (Estimate 
0.097, 95% CI [0.004,0.190], p = 0.048). A complemen-
tary analysis, including extra-striatal regions thalamus and 
amygdala, revealed no group differences. Separate regional 
post-hoc analyses showed 13% lower BPND in the NAcc 
(Estimate 0.118, 100x(e0.118 – 1) = 13%, p = 0.034, 95% CI 
[0.013,0.222], Shapiro p = 0.062) and 19% lower BPND in 
globus pallidus (Estimate 0.175, 100x(e0.175 – 1) = 19%, 
p = 0.048, 95% CI [0.008,0.343], Shapiro p = 0.230) (Fig. 2, 
Table S3). BPND in the NAcc was also negatively corre-
lated with AQ scores across all participants with one AQ 
point increase predicting a 0.5% decrease in NAcc BPND 
(Estimate − 0.005, p = 0.058, Shapiro p = 0.253, 100x(e−0.005 
– 1) = 0.5%), but this effect was not significant when the 
groups were analyzed separately (Fig. 3). The regional post-
hoc analysis results did not survive correction for multiple 
comparison.

MOR system

Whole brain voxel-wise analysis revealed higher BPND in 
ASD participants compared to controls in the cuneal/pre-
cuneal cortex (BA 7,18,19&39, Cluster size 2069 KE, clus-
ter defining threshold p < 0.05 (FDR-corrected), t = 1.68, 
Cohen´s d = 0.3) (Figure S1). ROI analysis revealed no 

we screened three of the latest review articles on the issue 
to ensure the full coverage of our research [24, 84, 85]. 
Altogether, we found nine potentially eligible articles [72, 
74, 86–92], but only six included requisite data on striatal 
ROIs. Two of these six articles used the same data, so only 
one was included. Together with our results presented here 
a total number of six articles were included in the meta-
analysis. All the articles were evaluated by three indepen-
dent researchers of our group (TN, LN, JT) for inclusion 
in the meta-analysis. There was only one previous study 
using [11 C]raclopride tracer [72] measuring D2R avail-
ability, whereas the other studies used [18 F]FDOPA [87, 
89–91] measuring presynaptic dopamine synthesis capac-
ity or D1R binding [11 C]SCH23390 [88] as tracers (see 
Table S2 for more details). As one of the articles presented 
required data only in their supplemental figure and it was 
also not readily accessible from the authors, we used plot-
digitizer tool to extract baseline values from the accessible 
figure [72]. Based on reported striatal group means, stan-
dard deviations and sample sizes we calculated the stan-
dardized mean difference (SMD, Cohen´s d) for each study 
and a pooled sample size weighted SMD with R software 
metafor package.

Results

Mean group-wise [11C]raclopride and [11C] carfentanil bind-
ing maps are shown in Fig. 1. Group-wise regional binding 
potentials for the radioligands are shown in Fig. 2.

Fig. 1  Mean [11 C]raclopride and [11 C]carfentanil BPND in the control and ASD groups
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Fig. 3  Association and regression line between AQ scores and [11 C]
raclopride BPND in the NAcc across the ASD and control groups (A). 
Association and regression line between AQ scores and [11 C]carfen-

tanil BPND in the hippocampus (B). Data with the two different scan-
ners is marked with circles (Discovery 690) and triangles (Discovery 
VCT)

 

Fig. 2  Group-wise binding potentials of [11 C]raclopride and [11 C]
carfentanil BPND in the predefined ROIs. The blue and red boxes mark 
the 2nd and 3rd quartiles, with the crossline marking the median of 
the data. Upper and lower whiskers mark 1.5 interquartile ranges from 

the box. Data with the two different scanners is marked with circles 
(Discovery 690) and triangles (Discovery VCT). Significant post-hoc 
differences between the groups are marked with an asterisk
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the ASD group, significant correlation was only observed 
in thalamus (Figs. 4 and 5). The correlations were signifi-
cantly stronger in the control versus ASD group in amyg-
dala (z = 2.48 two-tailed p = 0.013) and NAcc (z = 2.230, 
two-tailed p = 0.026) (Figs. 4 and 5). The Mantel test did 
not indicate similarity between the D2R/MOR correlation 
matrices for control and ASD group (r = 0.65, p = 0.16).

Meta-analysis of PET-imaging data on dopamine 
systems in ASD

A fixed effect model showed a standardized mean difference 
(SMD) of −0.32 (−0.62, −0,03) with heterogeneity of 81.2% 
(p < 0.001), and a random model showed SMD of −0.25 
(−1.06, 0.57) with heterogeneity of 85,6% (p < 0.001). We 
found a small overall effect of decreased dopamine tracer 
binding in ASD compared to controls (Fig. 6).

overall differences between groups in MOR BPND. How-
ever, regional post-hoc analyses indicated 24% lower BPND 
for MOR in the hippocampus of ASD group (Estimate 0.214, 
100x(e0.214 – 1) = 24%, p = 0.022, 95% CI [0.039,0.389], 
Shapiro p = 0.381) (Fig. 2, Table S3), but the results did not 
withstand multiple comparison. BPND in the hippocampus 
was also negatively correlated with AQ scores across all 
participants with one AQ point increase predicting a 1% 
decrease in NAcc BPND (Estimate − 0.01, p = 0.054, Shapiro 
p = 0.201, 100x(e−0.01– 1) = 1%), but this effect was not sig-
nificant when the groups were analyzed separately (Fig. 3).

Dopamine-opioid interaction

In the control group, the BPND for [11 C]carfentanil and 
[11 C]raclopride correlated positively across all six ROIs 
that were analyzed with both ligands (Figs. 4 and 5). In 

Fig. 4  Regional association and LS-regression lines between [11  C]
carfentanil and [11  C]raclopride BPND in control and ASD groups. 
Significant within-group correlations are marked with an asterisk, and 

significant differences in correlations between groups (Amygdala and 
NAcc) with boldface
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[94], but the human imaging findings in ASD have not been 
conclusive [95].

The post-hoc ROI analysis revealed significantly lower 
BPND in the NAcc and GP in the ASD group than in the 
control group, and the AQ scores were also correlated with 
BPND in the NAcc across all participants. However, this 
finding has to be considered preliminary as it did not sur-
vive comparison for multiple comparison. In human fMRI 
studies, NAcc and GP have been associated with responses 
to reward and punishment [66, 96] and in animal studies, 
dopamine level in NAcc has been associated with prosocial 
behavior (increased release) or social avoidance in defeat 
situations (decreased release) [97].

These present D2R findings could relate, for instance, 
to aberrant social motivation and potentially explain atypi-
cal responses to social reward and high social avoidance in 
ASD [21, 23, 52, 97]. There are also possible links between 
striatal function and stereotypic repetitive behavior in ASD 
[94, 95]. However, none of these findings can be verified 
within the scope of this study, and further research is needed.

MOR system

The whole brain voxel-wise analysis showed a signifi-
cant group difference in the left cuneal/precuneal cortex 
with higher BPND in the ASD group. The cuneus plays an 
essential role in primary visual processing [98]. Atypi-
cal connectivity of cuneal/precuneal and temporal areas 

Discussion

Our main findings were that ASD is associated with down-
regulated striatal D2R availability and aberrant interaction 
between D2R and MOR systems. Alterations in the MOR 
system were restricted to the hippocampus and left cuneal/
precuneal cortex. Altogether these data suggest that the 
dopaminergic system might be one of the neurotransmitter 
pathways linked with autism, also partly due to its aberrant 
interaction with the endogenous MOR system.

D2R system

Mean BPND for [11 C]raclopride in the striatal ROIs was 
lower in the ASD compared to the control group. Our meta-
analysis of the dopamine PET studies showed a small and 
heterogeneous overall effect of dopamine downregulation 
in ASD compared to controls. The studies using FDOPA 
reported either no differences or dopamine upregulation in 
the ASD compared to controls, while the other studies using 
[11 C]raclopride and [11 C]SCH23390 reported findings 
similar to ours. Differences in receptor availability, rather 
than dopamine synthesis capacity (measured by FDOPA), 
may thus be altered in ASD [93]. Striatal dopamine modu-
lates social and nonsocial reward and motivation [5, 11], 
which may be disrupted in ASD, according to fMRI find-
ings [21]. In animal studies, the striatal dopaminergic effects 
have been associated with stereotypic repetitive behavior 

Fig. 5  Matrices showing interregional Pearson correlations between [11 C]carfentanil (rows) and [11 C]raclopride (columns) BPND in the control 
and ASD groups. Significant correlations are marked with boldface and asterisk
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distribution of opioid receptors in the human DMN, and 
opioids modulate its activity in a dose-dependent manner as 
the low opioid doses inhibit and the high doses enhance it 
[28]. Our previous study with a largely overlapping sample 

has been associated to ASD [99, 100]. Precuneus is one of 
the main areas of the Default Mode Network (DMN) criti-
cally involved in social cognition and showing dysfunction 
in ASD [101–105]. PET studies have shown significant 

Fig. 6  Separate and pooled 
standardized mean differences 
(SMDs) in a meta-analysis 
of six striatal dopamine PET 
imaging studies with fixed 
(FE) and random effect (RE) 
models. Q = Cochran´s Q sta-
tistic, df = degrees of freedom, 
I2 = inconsistency index
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Limitations

Despite our modest sample size, we found significant group 
differences and correlations to ASD symptoms in D2R and 
MOR systems. A more detailed examination of the role of 
these two neuromodulatory systems in different ASD symp-
tom domains would require a larger sample size. Scanner 
hardware and software differences using two different PET 
scanners may contribute to data variability and could influ-
ence the results. However, due to the nested structure of our 
data, we attempted to statistically control for scanner differ-
ences by modelling a random intercept for each scanner. To 
reduce the heterogeneity in the ASD sample, we included 
only male participants, and therefore, our results may not 
be generalizable to the ASD population as a whole [116]. 
Further research is needed to examine if our findings can be 
replicated in females. Since ASD is not the only psychiatric 
disorder with features of social impairment [117], our find-
ings might not be ASD specific and the role of dopaminergic 
dysfunction across other disorders warrants further studies 
[118]. Since [11 C]raclopride ligand bind to D2R/D3R and 
reflects receptor availability reliably only in the striatum, our 
findings should not be generalized to other mechanisms in 
the dopamine system (e.g., extra-striatal or D1R dopamine 
binding). Because D2R and D1R have an opposing role 
in reward and aversive learning, comparing both of these 
receptors could be beneficial in the future studies related to 
dopaminergic reward system and ASD [14, 43]. Since also 
[11 C]carfentanil binds specifically to MOR, our results 
should not be generalized to other mechanisms in the opioid 
system either (DOR, KOR). Moreover, our measurement 
was restricted to single baseline scans of [11 C]raclopride 
and [11 C]carfentanil binding, which reflect predominantly 
tonic receptor availabilities and do not reveal any precise 
neurotransmitter mechanisms behind them (e.g. postsyn-
aptic/presynaptic, hypo/hyper dopaminergic or opioidergic 
function). A comparison between basal versus phasic task-
related imaging protocols could help obtain more detailed 
functional interpretation for aberrant D2R and MOR sys-
tems in ASD. As our meta-analysis on striatal PET-studies 
included multiple different dopamine markers with varying 
functional roles, the results provide only a general overview 
on the striatal dopaminergic aberrancies in ASD, and addi-
tional data is needed for assessing the more specific effects 
of ASD on dopaminergic pathways.

Conclusions

Taken together, our findings reveal that ASD is associated 
with downregulated D2R availability and aberrant dopa-
mine-opioid interaction in the striatum, as well as deviant 

revealed lower grey matter volume in the left precuneus of 
the ASD group [106]. The present study provides novel evi-
dence that besides structural and functional alterations, also 
MOR functioning is abnormal in the precuneus area in indi-
viduals with ASD. This could play a role in explaining the 
symptom spectrum of ASD.

The post-hoc ROI analyses indicated lower BPND in the 
hippocampus in ASD participants compared to controls, and 
the AQ scores were also correlated with BPND in the hip-
pocampus across all participants. However, the finding has 
to be considered preliminary as the group comparison did 
not withstand multiple comparison. There are fMRI stud-
ies demonstrating the involvement of the hippocampus in 
impaired perception of social emotions, as well as atypi-
cal learning, memory, and sensory hypersensitivity in ASD 
[107]. The hippocampus is also part of the MOR-modulated 
DMN and has stronger functional connectivity with other 
DMN regions in ASD compared to controls [107]. More-
over, the animal models of ASD present an impaired hippo-
campal neurogenesis, which has been found to be modulated 
by MOR. The more precise regulatory mechanisms are still 
unclear and the results are controversial [108–110]. Our 
findings on MOR availability could relate to impairments 
in social cognition and aberrant modulation of the DMN in 
ASD.

D2R and MOR system interaction

The BPND of [11 C]carfentanil and [11 C]raclopride 
showed high interligand correlations across the ROIs 
in the control group, while in the ASD group, signifi-
cant interligand correlation was found only in the thala-
mus. Based on the direct comparison of the correlation 
strengths, the association between the two ligands was 
significantly stronger in the amygdala and NAcc of the 
control group compared to ASD group. In animal stud-
ies, both neurotransmitters have been associated with 
the modulation of motivational and rewarding aspects of 
social interaction [52, 111]. The NAcc has been identi-
fied as the key site for this dopamine and opioid modula-
tion of social interaction, and the role of the amygdala 
has also been recognized in earlier studies [52, 76, 111, 
112]. PET studies suggest a largely similar interaction 
between endogenous opioid and dopamine signaling in 
humans than observed in animals [47–49]. Interestingly, 
the interaction of these two neurotransmitters in NAcc is 
also implicated in the modulation of pain sensations [113, 
114] that are both perceived and expressed abnormally in 
ASD [115]. While the existing knowledge of the aberrant 
pain modulation in ASD is still scarce [115], the previous 
and our present findings suggest a possible direction for 
further investigations.
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